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Background: Sepsis is life-threatening organ dysfunction associated with high risk of death. The immune response of sepsis is complex and varies over time. The immune cells are derived from hematopoietic stem and progenitor cells (HSPCs) which can respond to many infections. Our previous study found that sepsis causes HSPC dysregulation in mouse. But few studies have previously investigated the kinetics of HSPC and its contribution to immune system in sepsis patients.
Purpose: We aimed to identify the kinetics of HSPCs and their contribution to immune system in sepsis patients.
Methods: We enrolled eight sepsis patients and five healthy control subjects. Peripheral blood (PB) samples from each patient were collected three times: on the first, fourth, and seventh days, once from each healthy control subject. Peripheral blood mononuclear cells (PBMCs) were isolated by density centrifugation and stained with cocktails of antibodies. Populations of HSPCs and their subpopulation were analyzed by flow cytometry. Immune cells were characterized by flow cytometry and blood cell analysis. Correlations between HSPCs and immune cells were analyzed using the Pearson correlation test.
Results: We found that the frequency of HSPCs (CD34+ cells and CD34+CD38+ cells) in sepsis patients on day 4 was significantly higher than that in the healthy controls. The most pronounced change in subpopulation analysis is the frequency of common myeloid progenitors (CMPs; CD34+CD38+CD135+CD45RA−). But no difference in the immunophenotypically defined hematopoietic stem cells (HSCs; CD34+CD38−CD90+CD45RA−) in sepsis patients was observed due to rare HSC numbers in PB. The number of PBMCs and lymphocytes are decreased, whereas the white blood cell (WBC) and neutrophil counts were increased in sepsis patients. Importantly, we found a negative correlation between CD34+ on day 1 and WBC and lymphocytes on day 4 from correlation analysis in sepsis patients.
Conclusion: The present study demonstrated that the HSPC and its subpopulation in sepsis patients expanded. Importantly, the changes in HSPCs at early time points in sepsis patients have negative correlations with later immune cells. Our results may provide a novel diagnostic indicator and a new therapeutic approach.
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INTRODUCTION
Sepsis is life-threatening organ dysfunction, a devastating consequence of infection with bacteria, viruses, or fungi (Singer et al., 2016). Despite the continuous progress in the treatment of sepsis, no effective therapy is available, and it still remains one of the leading causes of mortality in most intensive care units (Ward and Fattahi, 2019; Rudd et al., 2020). Thus, effective treatment should focus on earlier identification and timely intervention (Cecconi et al., 2018). The pathogenesis of the sepsis syndrome is very complex. The host immune response during sepsis is recognized to involve excessive activation of both pro- and anti-inflammatory responses to infection that is followed by exhaustion of mature immune cells such as neutrophils and lymphocytes (Singer et al., 2016; van der Poll et al., 2017). These cells of the innate and adaptive immune systems involved in pathogenesis are derived from a small number of hematopoietic stem and progenitor cells (HSPCs). Recent studies suggest that HSPCs respond directly and immediately to many infections to replenish the mature immune cells (Pietras et al., 2016; Pietras, 2017; Singh et al., 2018). Therefore, investigating the contribution of HSPCs to the immune system during sepsis may shed new light on the early diagnosis and treatment on this significant health problem.
Hematopoietic stem cells (HSCs) are responsible for production all of blood and immune cells over the life span and normally maintain a quiescent state (Yu and Scadden, 2016). At the same time, they rapidly exit the quiescent state and transiently proliferate in response to acute infection, which is referred to as emergency hematopoiesis (King and Goodell, 2011; Manz and Boettcher, 2014). However, our previous study found that sepsis causes HSPC dysregulation, promotes acute expansion of myeloid progenitors, and results in failure to generate mature hematopoietic cells in the sepsis mouse (Wang et al., 2018). Intriguingly, the research studies regarding HSPCs in sepsis animal models also show that sepsis lead to an expansion and functional impairment of HSPCs (Rodriguez et al., 2009; Skirecki et al., 2015; Zhang et al., 2016). The correlative literature suggests that HSPCs draw particular attention because they may play a foundation role for the immune response during sepsis, and it remains to be evaluated whether impaired hematopoiesis also occurs in sepsis patients.
To date, few studies have previously investigated kinetics of HSPCs and their contribution to the immune system in sepsis patients. Tsaganos et al. found that CD34/CD45−–positive cells in the peripheral blood have increased throughout the days of the follow-up compared with healthy volunteers (Tsaganos et al., 2006), whereas Skirecki et al. found that populations of early HSCs (CD34+CD38−) were mobilized to the peripheral blood after an initial decrease (Skirecki et al., 2019). And both of them indicated that patients with less stem cell counts are accompanied by a greater probability of survival. However, despite CD34 being the most important marker of primitive human hematopoietic cells, and CD34+ and CD34+CD38− populations both heterogeneous, it does not provide an accurate measure of HSCs and immature progenitors (Pang et al., 2011).
In the present study, we aimed to more precisely identify the kinetics of HSPCs and their contribution to the immune system in sepsis patients. A six-color protocol of antibodies was used to evaluate the frequency and distribution of HSPCs and their subpopulations circulating in blood in sepsis and healthy control subjects by flow cytometry. In addition, correlation analysis was used to analyze the correlation between HSPCs and mature immune cells.
MATERIALS AND METHODS
Subjects
We enrolled eight sepsis patients and five healthy control subjects from Dongzhimen Hospital in Beijing, China (Table 1). The study was conducted according to the protocol which was approved by the institutional ethics committee in accordance with the Helsinki Declaration (Ethics No. DZMEC-KY-2019-101, Supplementary Figure S1). Written informed consent for peripheral blood (PB) collection was obtained from each subject. The diagnostic criteria of sepsis were according to the Third International Consensus Definitions for Sepsis and Septic Shock (Singer et al., 2016). Patients will be excluded if they fulfill any of the exclusion criteria: ages <40 or >80 years, severe hematological diseases, unrespectable tumors, human immunodeficiency virus (HIV), immunosuppressive treatment, and pregnancy. All patients received standard care according to the International Guidelines for Management of Sepsis and Septic Shock (Rhodes et al., 2017).
TABLE 1 | Comparison of demographic and basal clinical characteristics between sepsis patients and healthy control subjects.
[image: Table 1]Sample Collection and Measurement
EDTA-anticoagulated PB samples (6 ml) were collected three times from each patient: within 24 h after included, on day 4, and on day 7, once from each healthy control subject. Laboratory assessment including measurement of the full blood count and flow cytometric analysis of the HSPCs and immune cells was performed. The full blood count values in PB were determined using the whole blood by an automatic hematology analyzer (XI-800, Sysmex).
Peripheral Blood Mononuclear Cell Isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from 5 ml of whole blood by density centrifugation using Lymphoprep™ (catalog no. 07851, STEMCELL Technologies). In brief, peripheral blood was diluted with five volumes of phosphate-buffered saline (PBS) and 2% fetal bovine serum (FBS) (PBS + 2% FBS; Thermo Fisher Scientific). Equal amounts of diluted blood was layered on top of Lymphoprep™ carefully and then centrifuged at 800 g for 30 min at room temperature with brake off. The PBMC layer was removed and retained the PBMC layer at the plasma. Then, it was washed and resuspended in PBS and was quantified using an automated cell counter (Countess II, Thermo Fisher Scientific).
Flow Cytometric Analysis
After isolation, fresh PBMCs were resuspended at 107 cells/ml and stained for surface markers in PBS with 2% FBS. A six-color protocol of antibodies (BD Biosciences) was used for the analysis of human HSPCs (van Galen et al., 2014; Notta et al., 2016): APC Mouse Anti-Human CD34 (catalog no. 8334669), PE Mouse Anti-Human CD38 (catalog no. 9154586), FITC Mouse Anti-Human CD45RA (catalog no. 9107502), PE-Cyanine7 Mouse Anti-Human CD90 (catalog no. 9093648), BV421 Mouse Anti-Human CD135 (catalog no. 8201941), and BD Pharmingen™ 7-AAD (catalog no. 51-68981E). After 30 min of incubation, cells were washed three times in PBS before analyses. Stained cells were acquired using a flow cytometer (LSRFortessa, BD Biosciences). At least one million events were recorded in the mononuclear cell gate set on the SSC/FSC morphological plot. The flow cytometric subpopulation was analyzed after gating on CD34+ cells in SSC-CD34 plot (Figure 1). For immunophenotypic analysis of immune cells, the following panel of antibodies (BD Biosciences) was used: APC Mouse Anti-Human CD3 (catalog no. 8316946), FITC Mouse Anti-Human CD4 (catalog no. 8037703), PE Mouse Anti-Human CD8 (catalog no. 8299501), and BD Pharmingen™ 7-AAD (catalog no. 51-68981E). Immune cells were gated based on forward/side scatter properties. The flow cytometric subpopulation was further gated on cell surface markers: T-helper cells as CD3+CD4+ and T-cytotoxic cells as CD3+CD8+. The results were all analyzed using FlowJo v10 software (Tree Star Inc., Ashland).
[image: Figure 1]FIGURE 1 | Gating strategy of HSPCs and their subpopulations in the PBMCs. (A) Circle all PBMCs and exclude debris (P1). (B) Dead cells were excluded using 7-AAD (P2). (C) Gating on CD34+ cells in SSC-CD34 plot. (D) Subdivide CD34+ cells into CD34+CD38+ and CD34+CD38− compartments. (E) Within the CD34+CD38+ compartment, CD135 and CD45RA expression defined CMPs, GMPs, and MEPs. (F) Within the CD34+CD38− compartment, CD90 and CD45RA expression defined HSCs and MPPs. HSPC, hematopoietic stem and progenitor cell; PBMC, peripheral blood mononuclear cell; 7AAD, 7-aminoactinomycin D; SSC, side scatter; CMP, common myeloid progenitor; MEP, megakaryocytic–erythroid precursor; GMP, granulocyte–monocyte progenitor; HSC, hematopoietic stem cell; MPP, multipotential progenitor.
Statistical Analysis
Results were analyzed using GraphPad Prism 7.0 software. Statistical analyses were performed using unpaired, two-tailed, Student’s t-test. The correlation study was performed by using the Pearson correlation test. Unless indicated, data were expressed as mean ± SEM. Differences were considered significant when p < 0.05, and the following significance levels were used *p < 0.05; **p < 0.01.
RESULT
Phenotypical Changes in HSPCs in Sepsis Patients
Previous research studies indicated that CD34 is a specific surface marker of human HSPCs (Lynch et al., 2006). We assessed the dynamic changes of CD34+ cells in sepsis patients after admission. Results showed that the percentage of PBMCs expressing CD34 in sepsis patients on day 4 was three times higher (0.0505 ± 0.0100%) than that of the healthy control (0.0170 ± 0.0020%) (p < 0.05). And it was also increased on days 1 and 7 in sepsis patients, but the difference did not reach significance (Figures 2A,B,E, Supplementary Table S1).
[image: Figure 2]FIGURE 2 | Sepsis patients contain more HSPCs in the PB than healthy control subjects. (A,B) Representative fluorescence-activated plots of CD34+ cells in healthy controls (A) and sepsis patients (B). (C,D) Representative fluorescence-activated plots of CD34+CD38+ cells in healthy control (C) and sepsis patients (D). (E,F) Kinetic analysis of CD34+ cells (E) and CD34+CD38+ cells (F). HSPC, hematopoietic stem and progenitor cell; PB, peripheral blood; PBMC, peripheral blood mononuclear cells; SSC, dide scatter; C, healthy control; D1, sepsis on day 1; D4, sepsis on day 4; D7, sepsis on day 7. (*p < 0.05).
CD34+ cells are heterogeneous, which include rare HSCs and hematopoietic progenitor cells (HPCs). We selected CD38 as a surface marker to distinguish between early HSCs (CD34+CD38−) and HPCs (CD34+CD38+). The results of the percentage of CD34+CD38+ cells (day 4: 0.0473 ± 0.0102% vs. 0.0136 ± 0.0022%, p < 0.05) were similar as the percentage of CD34+ cells (Figures 2C,D,F, Supplementary Table S1). However, no difference in CD34+CD38− cells could be observed due to a rare HSC number (Supplementary Table S1).
Phenotypical Changes in Subpopulation of HSPCs in Sepsis Patients
To precisely identify the changes within the CD34+ compartments of human blood that contribute to sepsis, flow cytometric subpopulation analyses were carried out based on immunophenotypic markers. We evaluated the distribution and frequency of immunophenotypic common myeloid progenitors (CMPs; CD34+CD38+CD135+CD45RA−), granulocyte–macrophage progenitors (GMPs; CD34+CD38+CD135+CD45RA+),megakaryocyte–erythroid progenitors (MEPs; CD34+CD38+CD135−CD45RA−), hematopoietic stem cells (HSCs; CD34+CD38−CD90+CD45RA−), and multipotential progenitors (MPPs; CD34+CD38−CD90−CD45RA−) in sepsis patients and healthy controls (van Galen et al., 2014; Notta et al., 2016).
Subsequent flow cytometric analysis demonstrated that the frequency of CMPs in sepsis patients was increased, and the frequency of CMPs in sepsis patients on day 4 was 10 times higher (0.0297 ± 0.0060%) than the healthy controls (0.0029 ± 0.0013%) (p < 0.01) (Figures 3A,B,E, Supplementary Table S1). The MEPs and HSCs in sepsis patients were also increased in frequency and absolute counts, but no statistically significant difference, as compared with the healthy controls (Supplementary Table S1). No obvious difference of GMPs and MPPs could be observed between sepsis patients and healthy controls (Supplementary Table S1). In addition, positive correlations were found between the frequency of CD34+ cells and CMPs on day 1 (rs: +0.9916, p < 0.01), on day 4 (rs: +0.9124, p < 0.01) (Figure 4A), and on day 7 (rs: +0.9834, p < 0.05).
[image: Figure 3]FIGURE 3 | Subpopulation of HSPCs in PB are increased in sepsis patients. (A,B) Representative fluorescence-activated plots of CMPs, MEPs, and GMPs in healthy control (A) and sepsis patients (B). (C,D) Representative fluorescence-activated plots of HSCs and MPP cells in healthy control (C) and sepsis patients (D). (E,F) Kinetic analysis of CMPs (E) and HSCs (F). HSPC, hematopoietic stem and progenitor cell; PB, peripheral blood; CMP, common myeloid progenitor; MEP, megakaryocytic–erythroid precursor; GMP, granulocyte–monocyte progenitor; HSC, hematopoietic stem cells; MPP, multipotential progenitor; PBMC, peripheral blood mononuclear cells; C, healthy control; D1, sepsis on day 1; D4, sepsis on day 4; D7, sepsis on day 7. (**p < 0.01).
[image: Figure 4]FIGURE 4 | Correlation analysis of HSPCs and immune cells in sepsis patients. (A) Correlation analysis of the frequency of CD34+ cells on day 4 and CMPs on day 4 in sepsis patients. (B) Correlation analysis of the frequency of CD34+ cells on day 1 and the absolute number of PBMCs on day 4 in sepsis patients. (C) Correlation analysis of the frequency of CD34+ cells on day 1 and the absolute number of WBCs on day 4 in sepsis patients. (D) Correlation analysis of the frequency of CD34+ cells on day 1 and the absolute number of lymphocytes on day 4 in sepsis patients. HSPC, hematopoietic stem and progenitor cell; CMP, common myeloid progenitor; PBMC, peripheral blood mononuclear cell; WBC, white blood cell; LYMPH, lymphocyte.
Kinetics of PBMCs and Their Correlation With HSPCs in Sepsis Patients
According to the above results, HSPCs expanded during sepsis. Given their fundamental roles in immunity, HSPCs are highly responsive to infections to increase the output of immune cells. It is important to identify whether the HSPC expansion in PB correlates with the number of immune cells. Thus, we measured the absolute counts of PBMCs and T cells and analyzed their correlation with HSPCs in sepsis patients. The results suggest that the number of PBMCs was significantly reduced in sepsis patients on day 1 and on day 4 compared with the healthy controls (p < 0.01 and p < 0.05, respectively) (Figure 5).
[image: Figure 5]FIGURE 5 | Kinetic analysis of PBMCs and T cells. (A) Kinetic analysis of PBMC; (B–D) Kinetic analysis of T cells: (B) is CD3 T cells, (C) is CD3CD4 T cells and (D) is CD3CD8 T cells. PBMC, peripheral blood mononuclear cell; C, healthy control; D1, sepsis on day 1; D4, sepsis on day 4; D7, sepsis on day 7. (*p < 0.05, **p < 0.01).
PBMCs are critical components of the immune system and mainly include lymphocytes (T cells and B cells) and monocytes. Next, we analyzed the kinetics of T cells and their subpopulations by flow cytometric analysis. As shown in Figure 5, the number of CD3+ T cells and their subpopulations CD3+CD4+ T cells and CD3+CD8+ T cells were all significantly decreased compared with the healthy controls. Correlation analysis indicated that there was no relationship between the frequency of CD34+ cells on day 4 and the PBMC counts on day 4 (data not shown). But, negative correlations were found between CD34+ cells on day 1 and PBMCs on day 4 (rs: −0.8963, p < 0.01) (Figure 4B).
Kinetics of Blood Count and Its Correlation With HSPCs in Sepsis Patients
Complete blood count analysis revealed that the white blood cell (WBC) count was significantly elevated in sepsis on day 1 and on day 4 compared with the healthy controls (p < 0.05) (Figure 6A). The same result was observed in neutrophils (Figure 6B). But, compared with the healthy controls, the number of lymphocytes was significantly decreased in sepsis on day 1 and on day 4 (p < 0.01) (Figure 6C). Red blood cell (RBC) count and hemoglobin (HGB) concentration were also significantly reduced, whereas no difference in monocytes could be found (Figures 6D–F, Supplementary Table S2). We also aimed to investigate whether the mobilized HSPC correlates with the altered blood count in sepsis. We found that both neutrophil and lymphocyte counts on day 4 in sepsis were negatively associated with the frequency of CD34+ cells on day 1 (p < 0.05) (Figures 4C,D).
[image: Figure 6]FIGURE 6 | Kinetic analysis of complete blood cell count. (A–F) Kinetic analysis of (A) white blood cell (WBC); (B) neutrophil (NEUT); (C) lymphocyte (LYMP); (D) red blood cell (RBC); (E) hemoglobin concentration (HGB); (F) monocyte (MONO); C, healthy control; D1, sepsis on day 1; D4, sepsis on day 4; D7, sepsis on day 7. (*p < 0.05, **p < 0.01).
DISCUSSION
Sepsis is a heterogeneous syndrome associated with acute organ dysfunction and a high risk of death. Due to its heterogeneous, one-size-fits-all approach is one of the barriers to effective therapy (Bhavani et al., 2019). The immune response of sepsis is complex and varies over time (Venet and Monneret, 2018). Therefore, novel methods of early identifying immune status of septic patients could lead to personalized management. The immune cells are derived from HSPC which can respond to many infections. The present study demonstrating that the HSPC and its subpopulation in peripheral blood in sepsis were expansion. Importantly, the changes of HSPC at early timepoints in sepsis have negative correlations with later immune cells. Our results may provide a novel diagnostic indicator and a new therapeutic approach.
Under normal conditions, HSPCs are primarily located in the bone marrow (BM), but a small percentage of HSPCs are migrated into the PB to reconstitute the hematopoietic system under specific stress (Bae et al., 2019). Due to rare HSPC populations, at least one million cells were recorded in order to accurate measurement. In the present study, PB was collected from eight sepsis patients and five healthy controls. In the cases we included, the main site of infection that leads to sepsis is the lung (50%), which is consistent with previous studies (Cecconi et al., 2018). The healthy controls we included were age-matched with the sepsis patients on account that HSCs would increase in frequency with age (Pang et al., 2011).
In the present study, we attempt to identify the changes of HSPCs and their subpopulations circulating in blood of sepsis patients. We found that HSPCs (CD34+ cells and CD34+CD38+ cells) were migrated to the peripheral blood during sepsis, which is consistent with previous studies (Tsaganos et al., 2006; Skirecki et al., 2019). And both the studies indicated that patients with less HSPC counts are accompanied by a greater probability of survival. Sepsis is a result of a systemic response to severe infection, during which mature immune cells were exhausted and needed to be regenerated from the pools of upstream HSPCs. Our previous study found that HSC homeostasis was altered and resulted in the immature immune cells increase in sepsis mice (Wang et al., 2018).
HSPCs (CD34+ cells and CD34+CD38+ cells) are heterogeneous and include many subpopulations which have different functions. HSCs, residing at the top of the hematopoietic system, can give rise to multiple types of HPCs, which including MPPs, CMPs, GMPs, and MEPs. The results of subpopulation analysis of our study suggest that the most pronounced changes are the frequency of CMPs, which may induce an increase in immature cells in sepsis. To date, many research studies observed an increased proportion of immature cells are associated with an increased risk of death (Guérin et al., 2014; Demaret et al., 2015; Hampson et al., 2017). Previous studies indicated that HSCs were expanded and caused functional impairment in sepsis animal models (Rodriguez et al., 2009; Skirecki et al., 2015; Zhang et al., 2016). However, no difference in the immunophenotypically defined HSCs in sepsis were observed due to a rare HSC number in PB.
Mature immune cells have a finite life span and must be continuously replenished from a rare population of HSPCs throughout the life. But sepsis is a consuming syndrome, which directly or indirectly impairs virtually all types of immune cells and results in compromised host immunity (Hotchkiss et al., 2013; Francois et al., 2018). Therefore, we also observed altered immune cell dynamics and analyzed its correlation with HSPCs in sepsis patients. The results indicated that the number of PBMCs and lymphocytes was decreased, whereas the WBC and neutrophil counts were increased. Interestingly, we found a negative correlation between CD34+ on day 1 and WBCs, PBMCs, and lymphocytes on day 4 from correlation analysis. Our results suggest that the changes of HSPCs at early time points may provide information to predict later immune status.
But, our study also has some limitations as follows: First, although there is a statistical difference of HSPCs between sepsis patients and healthy controls, the sample size (eight septic patients and five healthy controls) is small. Second, due to the rare HSPC number in peripheral blood, we just investigated its kinetics and correlations with immune cells in sepsis patients. Further studies can pay attention to the functions of HSPCs in addition to their numbers.
CONCLUSION
In conclusion, we demonstrate that the HSPCs and their subpopulations in peripheral blood in sepsis were expanded. The changes in HSPCs at early time points in sepsis have negative correlations with later immune cells. To the best of our knowledge, the present study was the first to report kinetics of the subpopulation of HSPCs and their contribution to the immune system in septic patients. Our results may provide a novel diagnostic indicator and a new therapeutic approach.
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Ulcerative colitis (UC) is a type of inflammatory bowel disease (IBD) that occurs in the lining of the rectum and colon. Apoptosis of the intestinal epithelial cells (IECs) is common in active UC patients. Ghrelin is reported to be downregulated in apoptosis of IECs induced by tumor necrosis factor-α (TNF-α). Therefore, we hypothesized that ghrelin might play an antiapoptotic role in UC progression, which was investigated using in vitro and in vivo studies. The TNF-α-treated Caco-2 cell model and mouse colitis model induced by dextran sulfate sodium (DSS) or 2,4,6-trinitrobenzenesulfonic acid (TNBS) were established and employed. We found that ghrelin could inhibit the apoptosis of Caco-2 cells induced by TNF-α, which could be disturbed by [D-lys3]-GHRP-6, the antagonist of ghrelin receptor GHS-R1a. Similarly, in the DSS- and TNBS-induced mouse colitis models, ghrelin could also protect intestinal tissues from apoptosis in DSS- and TNBS-induced colitis depending on GHS-R1a. Furthermore, ghrelin modulated the unfolded protein response (UPR) pathway and regulated the expressions of caspase-3, BAX, and Bcl-2, which contributed to the inhibition of cell apoptosis. In conclusion, ghrelin protects IECs from apoptosis during the pathogenesis of colitis by regulating the UPR pathway.
Keywords: ghrelin, ulcerative colitis, apoptosis, unfolded protein response pathway, intestinal epithelial cell
INTRODUCTION
Ulcerative colitis (UC) is a type of inflammatory bowel disease (IBD) that occurs in the lining of the rectum and colon (Wang et al., 2020). The main pathological features of UC are weight loss, rectal bleeding, mucosal ulceration, and epithelial barrier disruption (Rapa et al., 2021). Due to the unclear pathogenesis of UC, there are no effective drugs adopted in the clinical treatment of this kind of disease. Thus, exploring the mechanism and new therapeutic drugs for UC is urgent.
The intestinal epithelial barrier (IEB) separates the intestinal microorganism from the intestinal tissue, and its dysfunction is reported to be associated with UC (Maloy and Powrie, 2011). To keep the homeostasis of IEB, apoptosis and proliferation of the intestinal epithelial cells (IECs) should achieve a dynamic balance. It is reported that excessive apoptosis induced by endoplasmic reticulum (ER) stress is common in the development of UC (Luo and Cao, 2015; Zeng et al., 2015). ER stress activates the unfolded protein response (UPR) pathway and promotes the chaperone glucose-regulated protein 78 (GRP78, also known as BIP and HSPA5) to dissociate from the ER transducer sensors’ luminal domain to stabilize protein folding (Chung et al., 2011; Cao and Kaufman, 2012). Meanwhile, this ER stress signaling system can induce transcription of C/EBP homologous protein (CHOP), a transcription factor that binds with other transcription factors and induces proapoptotic genes (Puthalakath et al., 2007). When the capacity of the UPR is overwhelmed by its proteostasis, apoptosis will be triggered (Ron and Walter, 2007), involving the apoptosis-related proteins, Bcl-2, BAX, and BAK (Hetz et al., 2020).
Currently, studies on the pathogenesis of UC are mostly focused on immunity and apoptosis. As an important cytokine, the role of TNF-α in the inflammatory process of UC has been demonstrated. Increasing evidence has proved the genetic association between TNF-α and UC (Smillie et al., 2019). Moreover, increased TNF-α levels have been noted in patients with UC (Ren et al., 2018). It has been reported that TNF-α administration could promote interstitial cells of Cajal (ICC) apoptosis and UC progression, along with the downregulation of ghrelin (Ren et al., 2018), indicating that ghrelin could play a protective role against UC by inhibiting cell apoptosis.
Ghrelin was originally identified in gastric cells to regulate nutrient sensing and appetite (Pereira et al., 2017). It works via binding to its receptor, growth hormone secretagogue receptor (GHS-R), which is proved to be broadly expressed by immune cells. Ghrelin could function in immune systems to suppress inflammation (Hattori, 2009). However, it is still unclear whether ghrelin could improve inflammation damage during UC.
The TNF-α-treated Caco-2 cell model and mouse colitis model induced by dextran sulfate sodium (DSS) or 2,4,6-trinitrobenzenesulfonic acid (TNBS) are well-established models for UC investigation. With these models, we found that ghrelin inhibited the apoptosis of Caco-2 cells induced by TNF-α, which could be disturbed by [D-lys3]-GHRP-6, the antagonist of GHS-R1a (Patel et al., 2012). Also, ghrelin protected intestinal tissues from IECs apoptosis in DSS- and TNBS-induced colitis, depending on GHS-R1a. Furthermore, ghrelin modulated the UPR pathway and regulated the expression of caspase-3, BAX, and Bcl-2, which may contribute to the protective role of ghrelin in UC progression.
MATERIALS AND METHODS
Cell Culture
Human colon epithelial adenocarcinoma Caco-2 cells were provided by Cell Bank of Chinese Academy of Science (Shanghai, China). The cells were maintained at 37°C in Dulbecco's Modified Eagle's Medium (DMEM) with 10% fetal bovine serum (Gibco, Grand Island, NY, USA).
Cell Treatment
Caco-2 cells were seeded at 1.0 × 105 cells/well in 6-well plates and incubated overnight to adhesion. Ghrelin (ProSpec, Israel) was diluted and then added to the plates at final concentrations of 0.01, 0.1, 1, and 10 μmol/L for 1 h before treatment with 100 ng/ml TNF-α (Sigma, St. Louis, MO, United States). For GSH-R1a blocking array, [D-lys3]-GHRP-6 (antagonist of GSH-R1a, Tocris, United Kingdom) (Patel et al., 2012) was used to pretreat the cells for 1 h before the ghrelin administration. Cells were stained with Hoechst 33258 for apoptosis analysis.
Colitis Mouse Model
Animal experiment protocols were approved by the Institute Animal Use and Care Committee of Jinshan Hospital. Male C57BL/6J mice (eight weeks old) were provided by SLAC Laboratory Animal Co. (Shanghai, China). A batch of mice was treated with 2.5% w/v DSS (ICN Biomedical, Australia) provided ad libitum for nine days. Ghrelin (25–250 μg/kg) was intraperitoneally administered for ten days. The mice were randomly divided into six groups as follows (n = 10): control group (received tap water only), model group (colitis induced by DSS), treatment (25 μg/kg) group (colitis induced by DSS + 25 μg/kg ghrelin), treatment (125 μg/kg) group (colitis induced by DSS + 125 μg/kg ghrelin), treatment (250 μg/kg) group (colitis induced by DSS + 250 μg/kg ghrelin), and treatment + antagonist group (colitis induced by DSS + 250 μg/kg ghrelin + 9.4 mg/kg [D-lys3]-GHRP-6).
Another batch of mice was anesthetized with isoflurane and then injected with 2.5% w/v TNBS (ICN Biomedical, Australia) in 50% ethanol into the colon via a cannula. Ghrelin (25-250 μg/kg) was intraperitoneally administered for ten days. The mice were randomly divided into six groups as follows (n = 10): control group (received 50% ethanol only), model group (colitis induced by TNBS), treatment (25 μg/kg) group (colitis induced by TNBS + 25 μg/kg ghrelin), treatment (125 μg/kg) group (colitis induced by TNBS + 125 μg/kg ghrelin), treatment (250 μg/kg) group (colitis induced by TNBS + 250 μg/kg ghrelin), and treatment + antagonist group (colitis induced by DSS + 250 μg/kg ghrelin + 9.4 mg/kg [D-lys3]-GHRP-6).
Cell Apoptosis Staining
Mice were sacrificed on day 10 using overdosed sodium pentobarbital, and then distal colon tissues were collected and fixed with 4% paraformaldehyde overnight. Intestinal tissues were embedded and cut into 5 μm sections and then stained using the TUNEL kit (Beyotime Biotechnology Institute, Nantong, China).
RNA Isolation and Quantitative Real-Time RT-PCR (Rt-qPCR)
Total RNA was extracted from Caco-2 cells and intestinal tissues with TRIzol reagent (Ambion, United States). qPCR measurement was performed using One-Step SYBR® PrimeScript™ RT-PCR kit (Takara, Dalian, China). The sequences of the primers used in RT-qPCR were as follows: GRP78 5′-TCT​CAG​ATC​TTC​TCC​ACG​GC-3′ and 5′-CTT​CAG​CTG​TCA​CTC​GGA​GA-3’; CHOP 5′-TCA​CTA​CTC​TTG​ACC​CTG​CG-3′ and 5′-ACT​GAC​CAC​TCT​GTT​TCC​GT-3’; BAX 5′-GTG​GTG​GAG​GAA​CTC​TTC​AGG​G-3′ and 5′-GCC​GGT​TCA​GGT​ACT​CAG​TCA​T-3’; Bcl-2 5′-TTT​TGC​TAC​AGG​GTT​TCA​TCC​A-3′ and 5′-GTG​TCC​ACG​TCA​GCA​ATC​ATC-3’; GAPDH 5′-ATG​GGT​GTG​AAC​CAC​GAG​A-3′ and 5′-CAG​GGA​TGA​TGT​TCT​GGG​CA-3’. Relative gene expression levels were determined using the 2–ΔΔCT method.
Western Blotting Analysis
Caco-2 cells or frozen intestinal tissues were lysed with RIPA buffer (Beyotime Biotechnology Institute, China). All the antibodies used in this study, including GRP78, CHOP, total and phosphor-JNK, ERK, eIF2, pro- and cleaved caspase-12 and caspase-3, BAX, Bcl-2, and β-actin were purchased from Cell Signaling Technology (Cambridge, MA, United States).
Statistical Analysis
All the experiments were performed at least three times. Data were shown as means ± standard deviation (SD) and analyzed by SPSS 18 software (SPSS, Chicago, IL, United States). Differences among the groups were analyzed by Student’s t-test or one-way analysis of variance followed by Tukey’s post hoc test. p < 0.05 indicated significant differences.
RESULTS
Ghrelin Inhibits the Apoptosis of Caco-2 Cells Induced by TNF-α Through GHS-R1a
As previously reported, TNF-α could induce Caco-2 cells’ apoptosis by downregulating the expression of ghrelin (Ren et al., 2018). Therefore, we hypothesized that ghrelin administration could inhibit the apoptosis of Caco-2 cells induced by TNF-α. To prove our hypothesis, TNF-α and ghrelin were employed to cotreat the Caco-2 cells with ghrelin final concentration at 0.01–10 μmol/L, respectively. The cell apoptosis staining assay showed that the percentage of TNF-α-induced Caco-2 cell apoptosis was more than 60% and that ghrelin inhibited TNF-α-induced Caco-2 cell apoptosis in a dose-dependent manner (Figure 1A). To explore whether this effect of ghrelin is mediated by GHS-R1a, we employed GHS-R1a antagonist, [D-lys3]-GHRP-6, in our study. We found that [D-lys3]-GHRP-6 dramatically abrogated the inhibition of cell apoptosis caused by ghrelin (Figure 1B). These results show that ghrelin plays an antiapoptotic role in TNF-α-treated Caco-2 cells via GHS-R1a.
[image: Figure 1]FIGURE 1 | Ghrelin inhibits TNF-α-induced apoptosis of Caco-2 cells through GHS-R1a. (A) Caco-2 cells were treated with ghrelin, and apoptosis was observed by Hoechst 33258 staining. Ghrelin inhibited apoptosis at the dose from 0.01 μmol/L to 10 μmol/L. Data were shown as means ± SD (n = 3). (B) Caco-2 cells were treated with ghrelin in addition to [D-lys3]-GHRP-6, and apoptosis was observed by Hoechst 33258 staining. Data were shown as means ± SD (n = 3).
Ghrelin Inhibits the Apoptosis of Caco-2 Cells Induced by TNF-α Through UPR Pathway In Vitro
To explore the possible mechanisms underlying the antiapoptotic effect of ghrelin, we focused on the UPR pathway, which regulates the balance between cell survival and apoptosis. The RT-qPCR assay showed that the expression of UPR pathway members (GRP78 and CHOP) and proapoptotic gene BAX was significantly increased in TNF-α-treated Caco-2 cells, whereas the antiapoptotic gene Bcl-2 was downregulated in TNF-α-treated Caco-2 cells (Figure 2A). When ghrelin was used to treat the TNF-α-treated Caco-2 cells, the expression trends of GRP78, CHOP, BAX, and Bcl-2 were reversed, suggesting that ghrelin inhibited the apoptosis of Caco-2 cells induced by TNF-α by regulating the UPR pathway and apoptosis-related genes (Figure 2A). We also found that the regulation of GRP78, CHOP, BAX, and Bcl-2 by ghrelin could be disturbed by its receptor antagonist [D-lys3]-GHRP-6 (Figure 2A). Furthermore, western blotting was performed to verify this finding. When the cells were treated with ghrelin, the expression of GRP78 and CHOP, the phosphorylation of ERK, JNK, and eIF2, and the levels of proapoptosis proteins caspase-3 and BAX were all decreased and the expression of Bcl-2 was increased (Figure 2B). These results indicate that ghrelin inhibits the apoptosis of Caco-2 cells induced by TNF-α through the UPR pathway in vitro.
[image: Figure 2]FIGURE 2 | Ghrelin regulated UPR pathway and apoptosis in Caco-2 cells. (A) RT-qPCR analysis of the expression levels of GRP78, CHOP, BAX, and Bcl-2. Data were shown as means ± SD (n = 3). (B) Western blot analysis of GRP78, phospho-JNK, and phosphor-ERK. (C) Western blot analysis of CHOP and phospho-eIF2. (D) Western blot analysis of caspase-3, BAX, and Bcl-2. Representative blots from three independent experiments were shown.
Ghrelin Protects Colitis Tissues Cells From Apoptosis In Vivo
To verify the antiapoptotic role of ghrelin in vivo, we used ghrelin to treat the DSS- and TNBS-induced colitis models, respectively. As previously reported, the colon of mice treated with DSS or TNBS displayed more significant apoptosis (Arab et al., 2021; Salem et al., 2021) (Figures 3A, 3B). Compared with the treatment group, ghrelin reduced the colon cell apoptosis in a dose-dependent manner, and such an antiapoptotic effect of ghrelin could be reversed by [D-lys3]-GHRP-6 (Figures 3A,B). Furthermore, we measured and calculated the body weight and the disease activity index (DAI) (Cooper et al., 1993) of mice in the control group, model group, and treatment group. As a result, the model group showed lower mice weight and higher DAI scores than those of the control group. Meanwhile, the treatment group showed higher mice weight and lower DAI scores than those in the model group (Figures 3C,D). These results further confirm that ghrelin could protect colitis tissue cells from apoptosis in DSS- and TNBS-treated mice.
[image: Figure 3]FIGURE 3 | Ghrelin reduced apoptosis in DSS- and TNBS-induced colitis in mice. (A) and (B) Antiapoptotic effects of ghrelin could be observed at 125 and 250 μg/kg in the DSS model and at 25, 125, and 250 μg/kg in the TNBS model, and GHS-R1a antagonist [D-lys3]-GHRP-6 abrogated antiapoptotic effects of ghrelin. C. Body weight and the DAI score in the DSS model group. D. Body weight and the DAI score in the TNBS model group. Representative blots from ten mice in each group were shown. *p < 0.05 DSS (or TNBS) vs. control, #p < 0.05 DSS (or TNBS)  + Ghrelin vs. DSS (or TNBS).
Ghrelin Inhibited Apoptotic Through Modulating UPR Pathway In Vivo
To explore our findings in vivo, we measure the mRNA and protein expression of the members of the UPR pathway and relevant apoptosis molecules in intestine tissues of the mice colitis model. The RT-qPCR results showed that ghrelin reduced the mRNA expression of GPR78, CHOP, and BAX and increased the mRNA expression of Bcl-2 in a dose-dependent manner in mice colitis models, and such an effect of ghrelin could be reversed by [D-lys3]-GHRP-6 (Figures 4A,B). Similarly, the western blotting results showed that ghrelin reduced the expression of GRP78 and CHOP, decreased ERK, JNK, and eIF2 phosphorylation, decreased the levels of proapoptosis proteins caspase-3 and BAX, and increased antiapoptosis protein Bcl-2 level in intestinal tissues (Figures 4C,D). These results indicate that ghrelin plays a protective role against colitis by modulating the UPR pathway.
[image: Figure 4]FIGURE 4 | Ghrelin regulated UPR pathway and apoptosis in intestine tissues of model mice. (A) and (B) RT-qPCR analysis of the expression levels of GRP78, CHOP, BAX, and Bcl-2 in the DDS model and TNBS model. Data were shown as means ± SD (n = 3). **p < 0.01 compared to DSS or TNBS group. &p < 0.05 compared to ghrelin (250 μg/kg) group. &&p < 0.01 compared to ghrelin (250 μg/kg) group. (C) Western blot analysis of GRP78, phospho-JNK, phosphor-ERK, CHOP, phospho-eIF2, caspase-12, caspase-3, BAX, and Bcl-2 in the DSS model. (D) Western blot analysis of GRP78, phospho-JNK, phosphor-ERK, CHOP, phospho-eIF2, caspase-12, caspase-3, BAX, and Bcl-2 in the TNBS model.
DISCUSSION
UC is a common intestinal bowel disease characterized by intestinal epithelial injury, including extensive epithelial cell death, mucosal erosion, ulceration, and crypt abscess formation (Lu et al., 2020; Wang et al., 2020). Several signaling pathways, including the NF-κB/NLRP3 inflammasome pathway (Zeng et al., 2020), RIPK pathways (Garcia-Carbonell et al., 2019), and the JAK/STAT pathway (Zundler and Neurath, 2016), contribute to disease progression. In this study, we found that ghrelin could protect intestinal barrier in the colitis model induced by DSS via the UPR pathway. We employed the Caco-2 cell apoptosis model in vitro and mouse colitis models in vivo to confirm the protective role of ghrelin against colitis. It was illustrated that ghrelin inhibited apoptosis of Caco-2 cells induced by TNF-α, which could be disturbed by [D-lys3]-GHRP-6. Moreover, the antiapoptotic effect of ghrelin may be attributed to its regulation of the protein expressions in the UPR pathway, such as caspase-3, BAX, and Bcl-2. In mouse colitis models, we found that ghrelin exhibited protective effects on colitis in a GHS-R1a-dependent manner, and the effects may be mediated by the UPR components, such as caspase-3, BAX, and Bcl-2, in intestine tissues.
Notably, ghrelin exhibited protective effects on Caco-2 cell apoptosis in a dose-dependent manner, consistent with the protective effects of ghrelin reported in a previous study (Ercan et al., 2015). However, ghrelin had no significant effects on Caco-2 cell apoptosis at both dosage of 0.01 μmol/L and a higher dose of 10 μmol/L. Furthermore, in the in vivo conditions, the effective concentration of ghrelin was 25 μg/kg in the TNBS model and 125 μg/kg in the DSS model, consistent with the previous studies on the application of ghrelin in colitis models induced by TNBS and DSS (Gonzalez-Rey et al., 2006; Konturek et al., 2009).
GHS-R1a and GHS-R1b are two subtypes of ghrelin receptors (Smith et al., 2001). GHS-R1a mediates the effects of ghrelin by secreting growth hormone, but the mechanism of GHR-R1b remains unclear (Muccioli et al., 2004; Gauna et al., 2005; Negroni et al., 2014). In our study, it was demonstrated that [D-lys3]-GHRP-6 abrogated the antiapoptotic effects of ghrelin on colitis both in vitro and in vivo, suggesting that GHS-R1a is a mediator in the beneficial effects of ghrelin on colitis. However, the effects of ghrelin on colitis were not completely reversed by [D-lys3]-GHRP-6, indicating that GHR-R1b may also contribute to beneficial effects of ghrelin on colitis.
Preclinical and clinical studies indicate that the UPR pathway is implicated in the pathogenesis of colitis (Kaser et al., 2010). The abnormal UPR pathway may induce epithelial cell death, activate proinflammatory response, and damage the mucosal barrier, contributing to the development of colitis (Cao, 2015). Our in vivo and in vitro studies showed that ghrelin could downregulate the expression of the UPR pathway molecules GRP78 and CHOP and proapoptosis proteins caspase-3 and BAX, upregulate the antiapoptosis protein Bcl-2, and decrease the phosphorylation of ERK, JNK, and eIF2. Moreover, recent studies showed that the UPR pathway was related to autophagy (Giraud-Billoud et al., 2018; Hooper et al., 2019). We did not evaluate other possible mechanisms such as autophagy that is reported to contribute to the protective effect of ghrelin since previous studies have shown that NFκB and MAPK pathways may mediate the effects of ghrelin (Ma et al., 2001; Li et al., 2004). Further investigations into the contribution of different pathways for the protective effects of ghrelin will provide new data for developing novel therapeutic targets.
CONCLUSION
We demonstrated that ghrelin protected IECs from apoptosis during the pathogenesis of colitis, perhaps by inhibiting the UPR pathway.
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Hepatic macrophages play a critical role in inflammation caused by alcohol feeding. During this process, variation of macrophage phenotypes triggers inflammatory responses in a variety of ways. Moreover, there is increasing evidence that Brain and Muscle Arnt-Like Protein-1 (Bmal1) is regarded as a key regulator of macrophage transformation. In our study, Bmal1 was detected to be low expressed in EtOH-fed mice tissue samples and ethanol-induced RAW264.7 cells. After hepatic specific overexpression of Bmal1, M1 macrophage markers were evidently down-regulated, while M2 markers were on the contrary, showing an upward trend. Furthermore, alcoholic liver lesions were also improved in alcohol feeding mice with overexpressed Bmal1. On this basis, we also found that the glycolytic pathway can regulate macrophage polarization. In vitro, blocking of glycolytic pathway can significantly inhibit M1-type polarization. Importantly, glycolysis levels were also restrained after Bmal1 overexpression. What’s more, Bmal1 exerts a negative regulatory effect on glycolysis by interacting with S100A9 protein. Further studies showed that the alleviation of alcoholic liver disease (ALD) by Bmal1 was associated with glycolytic pathway suppression and M1 macrophage polarization. In summary, we demonstrated that Bmal1 is a gene capable of relieving ALD, and this effect may provide new insights for altering macrophage phenotypes to regulate inflammatory responses in ALD.
Keywords: Bmal1, S100A9, glycolysis, macrophage polarize, alcoholic liver disease
INTRODUCTION
At present, liver disease has developed into the leading cause of diseases and death worldwide. Among them, ALD developed rapidly (Wang et al., 2014). Long-term excessive drinking leads to structural abnormalities and dysfunction of hepatocyte, which further progresses to ALD. The initial manifestation of the disease is alcoholic fatty liver disease (AFL) with hepatocyte steatosis, necrosis, regeneration and so on a series of changes (Liu, 2014). It is well-known that inflammation, oxidative stress, drinking patterns, viral infection and cell damage are typical drivers of alcoholic liver injury. More importantly, persistence of chronic inflammation, contribute to the progression of alcoholic fibrosis and cirrhosis (Wilfred De Alwis and Day, 2007; Louvet and Mathurin, 2015). Alcohol increases intestinal permeability, with Kupffer cells producing large amounts of the pro-inflammatory cytokine TNF-α, IL-1β, leading to the aggravation of ALD (Tsukamoto and Lu, 2001; Miller et al., 2011; Tilg et al., 2011; Lívero and Acco, 2016). Clinical research also demonstrates that TNF-α antagonists can improve liver function of patients with alcoholic hepatitis (Lopetuso et al., 2018). Although the above evidence suggests that inflammation may play a role in the pathogenesis of ALD, the specific regulatory mechanism remains unclear.
After a long period of research, macrophages make a difference to the initiation, maintenance, and resolution of inflammatory responses (Essandoh et al., 2016; Cochain and Zernecke, 2017; Murray, 2018). There is a compelling evidence that liver-specific macrophage activation is the core component in the course of ALD. Moreover, M1/M2 macrophage balance polarization governs the fate of an organ in inflammation or injury (Ti et al., 2015; Shapouri-Moghaddam et al., 2018). Studies have shown that there may be complex patterns of macrophage shape and function in the pathogenesis of inflammatory diseases such as non-alcoholic fatty liver disease (Alisi et al., 2017). LPS and IFN-γ promote classical M1-type macrophage differentiation and produce high levels of proinflammatory macrophage factors. IL-4 and IL-13 induced M2 macrophages have highly effective phagocytic activity and increase the production of anti-inflammatory cytokines. Alcohol as one of the obvious external stimulating factors, the aggregation of liver M1/M2 macrophages occurred after stimulation (Saha et al., 2015). It is worth noting that the metabolic state of immune cells is closely related to phenotypic changes, among which macrophages are the most obvious (Galván-Peña and O’Neill, 2014). M1 macrophages induced by LPS are characterized only by accelerated glycolysis. However, in M2 macrophages stimulated by IL-4, the oxidative phosphorylation rate was boosted (Wang et al., 2019). Hence, we consider that the glycolytic pathway affects M1 polarization of macrophages and participate in the regulation of inflammatory response.
As an internal rhythm regulating biological activities, the biological clock can trigger the body to make adaptive adjustment to the alteration of the external environment. However, Bmal1, which plays a central orchestration role in the molecular clock, is certainly involved in the process (Early et al., 2018). Based on previous studies, impaired liver Bmal1 expression or function may lead to chronic hepatic metabolic disease like ALD (Zhang et al., 2018). Crucially, researches have displayed that circadian rhythm and metabolic cycle in a tight coupling state, maintaining glucose metabolism homeostasis in mammals (Peek et al., 2013). Elevation of Bmal1 in human astrocytes has been reported to result in decreased expression of HK1 and LDHA proteins to inhibit aerobic glycolysis and lactic acid release (Yoo et al., 2020). Other studies also noted that the expressions of lactic acid and glycolysis augmented rapidly in the Bmal1−/− liver (Peek et al., 2017). Therefore, Bmal1 protein is involved in a variety of physiological processes, especially energy metabolism processes such as glycolysis. However, the mechanisms by which Bmal1 regulates aerobic glycolysis still unclear in ALD.
In this article, we describe a pivotal role for Bmal1 in macrophage energetic regulation. After inflammatory stimulation, Bmal1 expression was blocked in macrophages. Its functional deficiency can promote glycolytic pathway and further accelerate the occurrence of M1 macrophage polarization. We observed a downregulation of Bmal1 levels in EtOH-fed mice, so we attempted to determine the potential role of Bmal1 in macrophage polarization and the molecular mechanism of this regulatory effect in ALD.
MATERIALS AND METHODS
Mouse Model of Alcoholic Liver Disease
All experimental procedures were approved by the Animal Ethics and Use Committee of Anhui Medical University. Male C57BL/6J mice aged 6–8 weeks were obtained from the Experimental Animal Center of Anhui Medical University for ALD modeling. Mice were randomly divided into normal group and experimental group. We use the National Institute on Alcohol Abuse and Alcoholism (NIAAA) recommended method of Lieber-DeCarli (LD) liquid diet and alcohol intragastric administration to construct ALD mice model. We purchased animal feed from TROPHIC Animal Feed High-Tech Co. Ltd. (Hai’an, Jiangsu, China). The modeling process lasted a total of 16 days, including the liquid diet adaptation stage (5 days), modeling (10 days), gavage (1 time), and specimen (1 day). The EtOH-fed mice were randomly fed LD liquid diet containing 5% ethanol (5% v/v) for 10 days, and then ethanol was given separately according to their weight by gavage, while the control mice were ingested maltodextrin with the same amount of gavage. The freshly prepared mouse feed was changed every day as required. The mice were anesthetized 9 h later after the last intragastric intake of ethanol, and blood and liver tissues were collected for subsequent analysis. The extracted plasma was stored at −80°C. Some liver tissues were frozen immediately, while others were fixed in 10% formalin for subsequent experiments such as H&E and Oil red O staining. The current study was evaluated and approved by the Animal Care and Use Committee (number: LLSC20200977).
Serum Levels of TG, TCH Assay and ALT/AST Activity Analysis
Alanine aminotransferases (ALT, C009-1–-1) assay kit, aspartate aminotransferases (AST, C010-1-1) assay kit, triglyceride (TG, A110-1-1) and total cholesterol (TCH, A111-1-1) assay kits were all from Jiancheng Institution PeproTech (Nanjing, Jiangsu, China). According to the instructions, TG and TCH levels were detected by TG and TCH assay kits in serum of EtOH-fed mice. Serum levels of ALT and AST in ALD mice were verified by ALT and AST activity detection kits, as recommended by the manufacturer.
Immunohistochemistry
Liver tissue of each mouse which was fixed in 10% neutral buffered formalin solution was paraffin-embedded before routine histological staining. The prepared slides were dewaxed with xylene, dehydrated with alcohol, and then microwaved with sodium citrate buffer for 15 min to obtain the antigen. 3% hydrogen peroxide was incubated for 10 min to eliminate endogenous peroxidase activity after antigen repaired. These sections were then incubated overnight with a primary antibody against Bmal1 (1:200, ab272705, Abcam, United Kingdom) at 4°C. After washing with PBS, the sections were incubated with HRP-labeled broad-spectrum secondary antibody at room temperature for 20–30 min. The expression of Bmal1 was observed by 3,3′-diaminobenzidine tetrahydrochloride (DAB) staining. The sections were dehydrated after re-stained with hematoxylin for 3 min and then observed the positive region distribution of Bmal1 in the site of alcoholic liver injury.
Immunofluorescence Staining
Sections were treated with 10% bovine serum albumin (BSA) blocking solution to avert nonspecific staining. We incubated the sections with Bmal1 rabbit polyclonal primary antibody and CD68 mouse monoclonal primary antibody at 4°C overnight. Then, the anti-rabbit FITC mixture and anti-mouse Cy-3- conjugated secondary antibody were added and incubated at room temperature for 2 h. Finally, adding 3,3′-diaminobenzidine tetrahydrochloride (DAB) staining to display the expression of Bmal1 and CD68. The stained sections were observed under an inverted fluorescence microscope (OLYMPUS IX83, Tokyo, Japan).
Cell Culture
RAW264.7 cell line was acquired from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). The cells were grown in Dulbecco’s modified Eagle’s medium (DMEM, Hyclone, United States) added with 10% fetal bovine serum (FBS, Biological Industries, Israel), and cultured at 37°C containing 5% CO2 in an incubator. RAW264.7 cells grown in DMEM medium were stimulated by lipopolysaccharide (LPS, 1 µg/ml, L2880, Sigma-Aldrich, St. Louis, MO, United States) for 24 h to polarize M1 macrophages, while M2 macrophages were induced by IL-4 (15 ng/ml, CK74, novoprotein, shanghai, China) treatment for 24 h.
Glycolytic Analysis
The extracellular acidification rate (ECAR) was monitored in real time by XF-24 Extracellular Flux Analyzer (Seahorse Bioscience). Cells with a density of 40,000 cells/well were inoculated into specific seahorse XF-24 cell culture microplates. According to the manufacturer’s operating manual, 10 mM glucose, 1 mM oligomycin, and 50 mM 2-deoxyd-D-glucose were added successively, recording the corresponding ECAR value of each point.
Co-IP Assays
LPS induced-RAW264.7 cells were lyzed according to the instructions of the Co-Immunoprecipitation Kit (Co-IP Kit, BersinBio, Guangzhou, China). The precipitated Bmal1 and S100A9 immune complexes were obtained by coupling protein A/G-MagBeads with anti-Bmal1 and anti-S100A9 antibodies at 4°C overnight. Nonspecific IgG antibody precipitated the complex as a control group. To analyze the protein expression obtained by immunoprecipitation using anti-Bmal1 or S100A9 antibodies, we conducted western blot analysis. The input and IgG groups were regarded as positive and negative controls for the experiment, severally.
Western Blot Analysis
Lysing liver tissues and RAW264.7 cells with RIPA buffer solution for extraction of protein by adopting centrifugal separation. After collection of supernatants, a BCA protein assay kit (Boster, China) calculated protein concentration. Protein lysates which were denatured by SDS underwent SDS-PAGE electrophoresis and were transferred to the 0.22 µm PVDF membrane (Roche, Penzber, Germany). The PVDF membranes were nonspecifically sealed with 5% milk and then washed with TBST (TBS contained 0.1% Tween-20) three times for 10 min each time. Following incubation with the special primary antibodies at 4°C overnight, then the PVDF membranes were flushed three times with TBST buffer. The membranes were then incubated with HRP-labeled goat antibodies against rabbit and mouse IgG (1:5,000, Beijing Zhongshan Biotechnology Co. Ltd., Beijing, China). After the preliminary treatment, the ECL-chemiluminescent kit (ECL, Advansta, United States) was used for detection. The densities of the protein immune response bands were analyzed with image J computer software. The primary antibodies were listed below: Bmal1, IL-10, IL-1β (Affinity Biosciences, Cincinnati, OH, United States), TNF-α, HK2, PFKP, S100A9 (Proteintech, Wuhan, China), ARG-1 (Wanleibio, Shenyang, China).
Quantitative Real-Time PCR
TRIzol reagents were used to extract the total RNA according to the instructions. Reverse transcription of total RNA through cDNA synthesis was conducted by a kit. The reverse transcription reaction was performed for 15 min at 37°C and for 5 s at 85°C. The mRNA expression levels of Bmal1, TNF-α, IL-1β, IL-10, ARG-1, HK2, PFKP, and β-actin were detected by real-time quantitative PCR that was carried out by SYBR® PrimeScript™ RT-PCR Kit (Takara, Kusatsu, Japan). The β-actin mRNA expression was considered an internal control. The primer sequences were shown as follows: Bmal1, 5′-AGT ACG TTT CTC GAC ACG CAA TAG-3′(forward) and 5′-TGT GGT AGA TAC GCC AAA ATA GCT-3′(reverse); TNF-α, 5′-CAC CAC CAT CAA GGA CTC AA-3′(forward) and 5′-AGG CAA CCT GAC CAC TCT CC-3′(reverse); IL-1β, 5′-CTT TGA AGT TGA CGG ACC C-3′(forward) and 5′-TGA GTG ATA CTG CCT GCC TG-3′(reverse); IL-10, 5′-GCC TTG CAG AAA AGA GAG CT-3′(forward) and 5′-AAA GAA AGT CTT CAC CTG GC-3′(reverse); ARG-1, 5′-CTC CAA GCC AAA GTC CTT AGA G-3′(forward) and 5′-AGG AGC TGT CAT TAG GGA CAT C-3′(reverse); HK2, 5′-TGA TCG CCT GCT TAT TCA CGG-3′(forward) and 5′-AAC CGC CTA GAA ATC TCC AGA-3′(reverse); PFKP, 5′-GCC GTG AAA CTC CGA GGA A-3′(forward) and 5′-GTT GCT CTT GAC AAT CTT CTC ATC AG-3′(reverse). The primers for β-actin were 5′-AGT GTG ACG TTG ACA TCC GT-3′(forward) and 5′-TGC TAG GAG CCA GAG CAG TA-3′(reverse). Each sample had a corresponding cycle threshold (Cq) value, and the 2−ΔΔCt method was used to calculate the relative mRNA level.
Mouse Bmal1 Plasmid Construction
The Bmal1 overexpressed plasmid (Bmal1-OE) was purchased from the GenePharma (shanghai, China). Abnormal expression of Bmal1 was achieved by transfection using Bmal1-OE, and empty vector was used as negative control. The constructed plasmids were transfected into RAW264.7 cells and mRNA expression of Bmal1 was verified by q RT-PCR.
RNA Interference
Using Lipofectamine® (2093076, Invitrogen, Carlsbad, CA) to interfere RNA as the instructions described. Small interfering RNA (siRNA) oligonucleotides against S100A9 were synthesized by GenePharma (Shanghai, China). Meanwhile, a negative scrambled siRNA (GenePharma, Shanghai, China) was used in parallel as a control. First, RAW264.7 cells were cultured in serum-free DMEM medium for 12 h and then reverse-transfected using the siRNA-S100A9 or the scrambled sequences of Opti-MEM (Gibco, United States). To replace normal culture medium after transfected 6 h later, then stimulated cells with LPS (1 µg/ml). The siRNA sequences were as follows: siRNA-S100A9 (mouse), 5′-CUG​AGC​AAG​AAG​GAA​UUC​ATT-3′ (sense) and 5′-UGA​AUU​CCU​UCU​UGC​UCA​GTT-3′ (antisense). All the above experiments were repeated three times.
Statistical Analysis
Statistical Package for Social Sciences (SPSS Inc., Chicago, IL, United States, version 13.0) software was used for statistical analysis. The above results included data from at least three trials and were expressed as mean ± SD. One-way ANOVA was used to evaluate the results statistically. p < 0.05 was viewed as statistically significant.
RESULTS
Establishment and Identification of ALD Model Induced by Alcohol in C57BL/6J mice
To observe whether the mice model was constructed successfully in EtOH-fed C57BL/6J mice, we performed histopathological analysis. In the first place, H&E staining was used to evaluate the extent of liver injury in EtOH-fed mice. The analysis showed that compared with the control diet (CD)-fed mice, the degree of liver injury was worse in the EtOH-fed mice. Fat vacuoles, intercellular distension, and cords disorder were appeared in liver tissues of EtOH-fed mice. The CD-fed mice, however, presented normal liver morphology with radiating cords and central veins (Supplementary Figure S1A). Corresponding to above results, the amount of lipid droplet deposition in the liver tissue of the EtOH-fed mice was significantly higher than that of the CD-fed group (Supplementary Figure S1B). To make sure the effect of alcohol intake on lipid balance, we assessed liver steatosis variation in ALD. As it turned out that the levels of TG and TCH in serum showed obviously ascending trend after alcohol intake (Supplementary Figure S1C). Moreover, the ratio of liver to body weight in EtOH-fed group was significantly higher than CD-fed group (Supplementary Figure S1D). What’s more, these lipid metabolic variations were closely related to the elevated expression of ALT and AST in serum (Supplementary Figure S1E). To sum up, ALD mouse model with mild to moderate inflammation and liver injury was successfully established after alcohol feeding.
Down-Regulation of Bmal1 in EtOH-Fed Mice and Ethanol-Induced RAW264.7 Cells
It was known that Bmal1 was involved in the regulation of inflammatory responses. Hence, to verify the influence of ethanol on the expression pattern of Bmal1, IHC analysis, western blot and q RT-PCR were performed, respectively. Bmal1 was highly expressed in liver tissues of CD-fed mice, while a nonnegligible decrease occurred in EtOH-fed group (Figures 1A,B). In addition, immunofluorescence double-staining analysis was conducted to manifest the presence of typical Bmal1 co-localization with macrophage CD68 immunoreactivity in liver tissues (Figure 1C). To further demonstrate that ethanol can inhibit the expression of Bmal1, macrophages were stimulated with ethanol of 25 mM for 24 h in vitro. Ethanol markedly diminished the protein and mRNA expression of Bmal1 in RAW264.7 cells as analyzed by western blot and q RT-PCR. Significantly, this effect was further enhanced by the addition of 1 µg/ml LPS stimulation in the presence of ethanol (Figure 1D). All of the above results indicated that ethanol stimulation inhibits the expression of Bmal1. When LPS was added to induce RAW264.7 cells in vitro, the suppression of Bmal1 expression was more pronounced.
[image: Figure 1]FIGURE 1 | Effects of ethanol on Bmal1 expression in liver tissue and RAW264.7 cells. (A) The expression of Bmal1 in liver tissues was detected by IHC analysis. Each group presented a representative view. (B) The Bmal1 protein and mRNA levels in liver tissues were analyzed by western blot and q RT-PCR. (C) Immunofluorescence double-staining (IF) was used to analyze the representative co-localization of the immune reactivity of Bmal1 and macrophage CD68 in liver tissues. (D) The Bmal1 protein and mRNA levels in ethanol-induced RAW264.7 cells were analyzed by western blot and q RT-PCR. The results are shown as relative expression against control expression without treatment. Data shown are the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 vs. CD-fed group or control group.
Characteristics of Macrophage Phenotypes in EtOH-Fed Mice and Ethanol-Induced RAW264.7 cells
In order to determine the features of macrophage phenotypes in EtOH-fed mice and ethanol-stimulated RAW264.7 cells, we detected the expression of macrophage surface markers by using western blot and q RT-PCR analysis. The protein and mRNA results presented that liver tissues in EtOH-fed group showed a distinct augment of M1 macrophage markers (TNF-α, IL-1β) levels compared with CD-fed group (Figure 2A). Moreover, the expression of M2 macrophage markers (IL-10, ARG-1) were also revealed an upward trend (Figure 2B). Notably, the liver tissue immunofluorescence staining results also demonstrated that both M1 and M2 macrophage markers (CD86, CD206) increased in the alcohol-fed mice (Figure 2C). We further investigated alteration of macrophage surface markers in vitro ethanol-induced RAW264.7 cells. Results indicated that the protein and mRNA expression of TNF-α, IL-1β were upregulated after RAW264.7 cells treated by ethanol. Moreover, compared with the ethanol group, the increase of ethanol plus LPS group was more obvious (Figure 2D). The M2 macrophage markers (IL-10, ARG-1) also showed the same change trend (Figure 2E). Importantly, flow cytometry showed that M1, M2 macrophage markers (CD86, CD206) also increased in vitro (Supplementary Figure S2A). Therefore, we supposed that ethanol induced the polarization of M1/M2 macrophages in vivo and vitro. In addition, the increase of M1 macrophages was more obvious than that of M2-type.
[image: Figure 2]FIGURE 2 | Phenotypic characteristics of macrophages in EtOH-fed mice liver tissue and ethanol-stimulated RAW264.7 cells. (A) Effects of ethanol on protein and mRNA levels of M1 macrophage markers (TNF-α, IL-1β) in liver tissue. (B) The protein and mRNA levels of M2 macrophage markers (IL-10, ARG-1) in liver tissue. (C) Immunofluorescence staining results of M1, M2 macrophage markers (CD86, CD206) in liver tissue of EtOH-fed mice. (D) The protein and mRNA levels of M1 macrophage (TNF-α, IL-1β) in ethanol-induced RAW264.7 cells. (E) The protein and mRNA levels of M2 macrophage markers (IL-10, ARG-1) in ethanol-induced RAW264.7 cells. The results are shown as relative expression against control expression without treatment. Data shown are the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 vs. CD-fed group or control group.
Bmal1 Regulates the M1/M2 Phenotype Transformation of Macrophages in vitro
In order to further analyze whether Bmal1 participated in the progress of macrophage polarization, RAW264.7 cells were polarized into M1 macrophage phenotypes by stimulated with LPS or treated with IL-4 to induce M2-type macrophages. Immunofluorescence analysis indicated that the fluorescence intensity of Bmal1 in RAW264.7 cells treated with IL-4 was significantly higher than control group, however, LPS stimulation significantly reduced the fluorescence intensity (Figure 3A). It can be seen from this that LPS stimulation led to the downregulation of Bmal1 in RAW264.7 cells. In contrast, Bmal1 was elevated in RAW264.7 cells treated with IL-4. In summary, these results suggested that Bmal1 may be involved in macrophage phenotypic alteration.
[image: Figure 3]FIGURE 3 | Effect of Bmal1 overexpression on macrophage polarization. (A) The expression of Bmal1 in RAW264.7 macrophages polarization was analyzed by immunofluorescence (IF) assay. (B) Bmal1 successful over-expression was confirmed by western blot and q RT-PCR in ethanol-induced RAW264.7 cells. The results are shown as relative expression against control expression without treatment. (C) The protein and mRNA levels of M1 macrophages biomarkers (TNF-α, IL-1β) were analyzed by western blot and q RT-PCR. (D) The protein and mRNA levels of M2 macrophages biomarkers (IL-10, ARG-1) were analyzed by western blot and q RT-PCR. The results are shown as relative expression against control expression without treatment. Data shown are the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 vs. control group. #p < 0.05, ##p < 0.01 vs. Bmal1-NC + EtOH group.
To explore whether Bmal1 could affect macrophage polarization, we overexpressed Bmal1 by transfected Bmal1 plasmids into ethanol stimulated RAW264.7 cells. After transfection of the Bmal1 plasmid, the protein and mRNA levels of Bmal1 were significantly increased, which means that the Bmal1 overexpression model was successfully constructed (Figure 3B). It's probably worth noting that the protein and mRNA expression of M1 macrophage markers including TNF-α, IL-1β decreased after the overexpression of Bmal1 compared with Bmal1-NC group (Figure 3C). In contrast, Bmal1 overexpression further up-regulated the protein expression of M2 macrophage surface markers such as IL-10, ARG-1. In addition, mRNA levels of IL-10 and ARG-1 increased synchronously with protein levels (Figure 3D). From the above results, we considered that Bmal1 affects the process of macrophage polarization.
Bmal1 Regulates M1 Polarization of Macrophages by Inhibiting Glycolysis
To get better acquainted with the mechanism by which Bmal1 regulated macrophage polarization, we looked for a signaling pathway which was involved in the process of macrophage polarization caused by Bmal1. It was well known that the glycolytic pathway participated in the correlated process of macrophage polarization. In accordance with expectation, glycolytic pathway was activated in the liver tissue of EtOH-fed mice and ethanol stimulated RAW264.7 cells, estimated by an increase in protein and mRNA expression of key glycolytic enzymes such as HK2, PFKP (Figures 4A,B). Furthermore, lactate levels were significantly higher in the serum of EtOH-fed mice and ethanol induced cell supernatant (Supplementary Figures S3A,B). In particular, HK2 and PFKP protein levels were dramatically increased in LPS induced M1 macrophages, while IL-4 induced M2 macrophages showed no clear differences (Supplementary Figures S3C,D). These consequences indicated that the glycolytic pathway was abnormally activated when RAW264.7 cells was treated with ethanol and mice were fed with ethanol. In addition, the reduced trend was observed in the expression of key enzymes (HK2, PFKP) protein and mRNA when overexpressed Bmal1 in LPS induced macrophage (Figure 4C). Moreover, the level of lactic acid released into cellular supernatant also declined (Supplementary Figure S3E). Most notably, ECAR were inhibited in the Bmal1-OE group compared with the Bmal1-NC group in vitro LPS-induced macrophages. Among them, the basal glycolysis and glycolytic capacity were declined sharply (Figure 4D).
[image: Figure 4]FIGURE 4 | Interaction of Bmal1 with glycolysis in mouse macrophages. (A) The protein and mRNA expression of glycolytic key enzyme (HK2, PFKP) were observed in liver tissue by western blot and q RT-PCR. (B) The protein and mRNA expression of glycolytic key enzyme (HK2, PFKP) were observed in ethanol-induced RAW264.7 cells by western blot and q RT-PCR. (C) Effect of Bmal1 overexpression on glycolytic key enzymes levels in LPS-stimulated RAW264.7 cells determined by western blot and q RT-PCR. (D) The extracellular acidification rate (ECAR) of Bmal1-OE transfected RAW264.7 cells was detected by Seahorse XF Analyzer, and normalized into cell number. (E) Effect of 2-DG on M1 macrophage biomarkers expression in LPS-stimulated RAW264.7 cells. The expression of M1 macrophage biomarkers (TNF-α, IL-1β) was determined by western blot and q RT-PCR. Data shown are the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 vs. CD-fed group or control group. #p < 0.05, ##p < 0.01 vs. Bmal1-NC + LPS group.
To further assess whether glycolytic pathway was conducive to the polarization of M1 macrophages, a glycolytic chemical inhibitor 2-deoxy D glucose (2-DG), was used to inhibit the glycolytic pathway in M1 macrophages. The results showed that the key glycolytic enzymes (HK2, PFKP) protein levels in LPS-induced macrophages were evidently restrained after the presence of 2-DG (Supplementary Figure S3F). It can be seen from the results that 2-DG obviously suppresses the expression of M1 macrophage markers such as TNF-α, IL-1β (Figure 4E). Notably, the inhibition of Bmal1 on M1 macrophage markers protein was reversed by the use of oligomycin for activating glycolysis after overexpression of Bmal1 (Supplementary Figure S3G). Therefore, we concluded that Bmal1 negatively regulates the expression of M1-type macrophage markers by inhibiting glycolysis.
The Interaction Between Bmal1 and S100A9 Result in the Obstruction of Glycolytic Pathway, Modulating M1 Macrophage Polarization
Based on the above exploration, we continued to investigate which proteins interacted with Bmal1 to block glycolysis and suppress M1 polarization. Through Co-IP experiment, Bmal1 directly bound with S100A9 protein to have effect on M1 macrophages (Figure 5A). It had been reported that S100A9 which was highly expressed under inflammatory conditions could recruit macrophages. Just as we expected, the expression of S100A9 up-regulated, confirmed by increased protein levels, which was observed in the liver of EtOH-fed mice (Supplementary Figure S4A). The expression of S100A9 protein in RAW264.7 cells was significantly up-regulated after ethanol stimulation, and the up-regulated extent was increased after the addition of LPS (Supplementary Figure S4B).
[image: Figure 5]FIGURE 5 | The role of S100A9 in the regulation of glycolytic pathway by Bmal1. (A) Co-IP of Bmal1 and S100A9 in M1 macrophages using the anti-Bmal1 and anti-S100A9 antibody. (B) The protein level of S100A9 in Bmal1-OE group was analyzed by western blot. (C) The expression of S100A9 was analyzed by immunofluorescence (IF) assay in LPS-induced RAW264.7 cells after Bmal1 overexpression. (D) The extracellular acidification rate (ECAR) of S100A9 siRNA transfected RAW264.7 cells was detected by Seahorse XF Analyzer, and normalized into cell number. Data shown are the mean ± SD from three independent experiments. *p < 0.05, **p < 0.01 vs. control group. #p < 0.05, ##p < 0.01 vs. Bmal1-NC + LPS or control siRNA + LPS group.
According to previous reports, S100A9 alone could enhance glycolysis of neutrophils. Next, in order to prove that Bmal1 affected the glycolysis pathway in M1 macrophage through S100A9, western blot analysis revealed that overexpression of Bmal1 significantly cut down the expression of S100A9 in LPS-induced RAW264.7 cells (Figure 5B). Moreover, S100A9 fluorescence was also weaker in the Bmal1-OE group than in the Bmal1-NC group of LPS-induced macrophage (Figure 5C).
In fact, to further verify whether S100A9 was responsible for glycolysis in M1 macrophages, siRNA was selected to block S100A9 expression in RAW264.7 cells stimulated by LPS. When S100A9 was silenced, ECAR real-time detection results demonstrated that both basal and glycolytic capacities were reduced (Figure 5D). At the same time, the protein expression of key glycolytic enzymes such as HK2 and PFKP also showed a downward trend (Supplementary Figure S4C). Importantly, the decreased expression of key glycolytic enzymes associated with overexpression of Bmal1 were significantly reversed after overexpression of S100A9. The same trend was seen in the lactic acid secreted by cells (Supplementary Figure S4D). As expected, S100A9 silencing resulted in the inhibition of M1 macrophage markers expression (Supplementary Figure S4E). In short, these data reflected the interaction between Bmal1 and S100A9 that modulated glycolysis to affect M1 macrophage polarization.
Hepatic Specific Overexpression of Bmal1 Alters Characteristics of the Macrophage Phenotypes In Vivo
Recently, the evolution of recombinant AAV (rAAV) vector which root in alternative serotype as an effective method to transmit genes targeting tissues, has attracted much attention. More importantly, with the development of this technology, recombinant vector can be effectively transduced into the liver. In EtOH-fed mice, we also needed to determine if the adenovirus was injected into the mouse liver and expressed effectively. As indicated by eGFP expression that was detected by fluorescence microscopy, rAAV8 was effectively transferred to the liver after 21 days of injection. Moreover, in vivo fluorescence imaging results also confirmed this (Figure 6A). Importantly, Bmal1 protein levels were significantly elevated in vivo after AAV8 injection (Figure 6B). What’s more, histopathological examination of H&E staining and Oil Red O staining showed that liver injury and lipid deposition were alleviated to some extent after rAAV8-Bmal1 injection (Figure 6C). Similarly, serum TG and TCH levels were evidently down-regulated in EtOH-fed mice treated with rAAV8-Bmal1 (Figure 6D). Furthermore, serum ALT and AST increased in mice treated with empty rAAV8, while decreased in mice treated with rAAV8-Bmal1 (Figure 6E).
[image: Figure 6]FIGURE 6 | Liver-specific Bmal1 overexpression alleviates ethanol induced liver injury in mice. (A) Representative efficient transduction of rAAV8–Bmal1-eGFP in liver tissues by fluorescent microscopy and living imaging. (B) Western blot analysis of Bmal1 protein expression in liver tissue after AAV8 injection. (C) Representative hematoxylin and eosin (H&E) staining and Oil red O staining of liver tissues. Representative views from each group are presented. (D) Serum triglyceride and total cholesterol levels in mice. (E) Serum ALT and AST levels in mice. (F) The protein expression of M1 macrophage markers after AAV8 injection. (G) The protein expression of M2 macrophage markers after AAV8 injection. (H) The protein expression of S100A9 and glycolytic key enzymes after AAV8 injection. The values represent means ± SD. (n = 6 in each group) *p < 0.05, **p < 0.01 vs. control group. #p < 0.05, ##p < 0.01 vs. AAV8-empty treated Model group.
We further investigated the effect of Bmal1 overexpression on macrophage phenotypes to verify the role of Bmal1 in EtOH-fed mice. The results turned out that the levels of M1 macrophage markers TNF-α, IL-1β in EtOH-fed mice with overexpression of Bmal1 was visibly declined (Figure 6F). In contrast, M2 macrophage markers (IL-10, ARG-1) expression increased notably (Figure 6G). In addition, abnormal overexpression of Bmal1 in vitro also significantly antagonized the expression of key glycolytic enzymes and S100A9 (Figure 6H). Importantly, Bmal1 and macrophage markers fluorescence in liver tissue of mice injected with AAV8 indicated upregulation of Bmal1 and alteration of macrophage markers in vivo (Supplementary Figures S5A,B). These results indicated that Bmal1 inhibits glycolysis by interacting with S100A9, which may provide a possible explanation for ethanol-induced liver disease and M1 macrophage polarization in vitro.
DISCUSSION
Upon ALD, it has been one of the most common liver diseases in the world, ranging from AFL, alcoholic hepatitis, fibrosis and cirrhosis (Gao and Bataller, 2011; Osna et al., 2017). Many studies have depicted ALD is characterized by extensive steatosis accompanied with chronic inflammation (Park, 2014; Szabo, 2015; Kawaratani et al., 2017). Moreover, activated macrophages can further trigger the inflammatory response process by releasing cytokines, chemokines (Watanabe et al., 2019). Therefore, the regulation of inflammatory response by affecting macrophage polarization may be an important measure in the treatment of ALD. Bmal1, a core gene in the body clock, regulates the liver’s biological rhythms. Importantly, it has been pointed out in the literature that the clock gene Bmal1 has crucial effect on macrophages in a variety of diseases, such as inflammatory and metabolic diseases (Oishi et al., 2017; Alexander et al., 2020). Furthermore, inflammatory stimulant LPS can also suppress Bmal1 expression in the innate immune response of macrophages (Curtis et al., 2015). Therefore, we hypothesized that Bmal1 might influence the phenotypic changes of hepatic macrophages. However, the association between Bmal1 and macrophage polarization remains unclear.
Generally, our results suggested that Bmal1 expression was down-regulated in liver tissue of EtOH-fed mice and ethanol treated RAW264.7 cells. Previous studies have indicated that the imbalance of M1 and M2 macrophage polarization in the liver drives an inflammatory response to resist damage of organism (Bashir et al., 2016; Shapouri-Moghaddam et al., 2018). Unsurprisingly, there was a significant increase in macrophage markers expression. In addition, we further investigated that the effect of Bmal1 on liver injury induced by ethanol in vivo by injecting AAV8-Bmal1 vector, suggesting that while Bmal1 was overexpressed, the degree of lipid accumulation and liver damage were alleviated compared to mice injected with AAV8-empty vector. Importantly, the expression of M1 macrophage markers (TNF-α, IL-1β) was inhibited, but M2 markers (IL-10, ARG-1) were increased. Similarly, the over-expression of Bmal1 resulted in the phenotypes of macrophages have appeared the same trend in vitro. Consistent with the conjecture, Bmal1 has effect on the polarization of macrophages. Therefore, we concluded that Bmal1 may alleviates the degree of liver injury by regulating macrophage polarization in ALD.
Accumulating evidences have discovered that the transformation of energy metabolism seems to be closely related to macrophage polarization (Biswas and Mantovani, 2012). Among them, glycolysis is a key pathway (Zhu et al., 2015). Blocking the glycolytic pathway can prevent the release and expression of proinflammatory cytokines, thus affecting the differentiation of M1 macrophages (Li et al., 2018). In contrast, IL-4 induced M2 macrophages preferentially increase the oxidative phosphorylation rate in vivo (Wang et al., 2019). According to our results, the expression of glycolytic key enzymes and lactate was upregulated overall in both EtOH-fed mice and ethanol-stimulated macrophages. Consistent with the literature, data showed that glycolytic enzyme level was significantly up-regulated in M1 macrophages, while no significant variation in M2 macrophages. Therefore, we further confirmed whether the glycolytic pathway could impact M1 macrophage polarization. The use of glycolysis inhibitor 2-DG led to a significant reduction in the expression of M1 macrophage markers in LPS-stimulated RAW264.7 cells. Consequently, it can be seen that M1 macrophage polarization is positively modulated by glycolytic pathway.
Previous study shows that calcium binding protein S100A9, an inflammatory mediator, is involved in the progression of a variety of inflammatory diseases (Shabani et al., 2018; Wang et al., 2018). In addition, it promotes macrophage migration and mediates the inflammatory signal cascade reaction by binding with TLR4 and RAGE on the adjacent cell surface. In our study, a distinct augment of S100A9 protein was observed in the liver tissues of EtOH-fed mice as well as LPS-induced RAW264.7. Moreover, mass spectrometry screening showed that S100A9 could act as an intermediate protein for Bmal1 to interact with glycolysis. Reports have pointed out that S100A9 independently induce the increase of ECAR, indicating that it can enhance the rate of glycolysis in neutrophils (Rousseau et al., 2017). The ECAR values and protein expression of glycolytic key enzymes were found to be limited after silencing S100A9. Furthermore, S100A9 silencing also resulted in inhibition of M1 macrophage markers. Based on the experimental data discussed above, we summarize that S100A9 may promote M1 polarization by up-regulating glycolytic pathway.
In our current study, Co-IP results demonstrated that Bmal1 can bind with S100A9 to adjust glycolytic pathways. When Bmal1 is overexpressed, the protein expression and fluorescence intensity of S100A9 are significantly inhibited in LPS-stimulated RAW264.7 cells. After overexpression of Bmal1, EACR and protein expression of key enzymes showed that glycolysis was also obviously down-regulated. Furthermore, the downregulation of glycolysis induced by Bmal1 overexpression was reversed by upregulation of S100A9. It is worth noting that when exogenous Bmal1 is overexpressed, the macrophage phenotype changes correspondingly, mainly manifested as the decrease of M1 macrophage markers and the increase of M2 markers. In order to further confirm that Bmal1 regulates macrophage polarization through glycolysis, we added glycolytic agonist oligomycin after overexpression of Bmal1 to analyze the phenotypic changes of macrophages. The results showed that Bmal1 caused M1 macrophage inhibition, which was reversed after glycolysis was activated. In summary, this phenomenon directly verified that the interaction between Bmal1 and S100A9 indeed change the polarization state of macrophages through glycolysis.
All in all, Bmal1 regulates macrophage polarization by targeting glycolysis, thereby improving the inflammatory response in ALD (Figure 7). Consequently, Bmal1 is expected to be an effective target for the prevention and improvement of ALD. Overexpression of Bmal1 may be a novel therapeutic strategy for ALD. This series of researches provides new ideas for evaluating disease progression and exploring targeted drugs.
[image: Figure 7]FIGURE 7 | A schematic diagram of the molecular mechanisms by which Bmal1 acts with glycolytic pathway to regulate macrophage polarization in a chronic binge alcohol-induced ALD mouse model. The down-regulation of Bmal1 expression after EtOH treatment can induce the transformation of macrophages into M1-type by interacting with glycolytic pathway. However, the interaction between Bmal1 and glycolysis is linked by S100A9 protein. In brief, this crosstalk mechanism offers a possible interpretation for the inflammatory response causing by liver macrophage polarization induced by ethanol in vitro.
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Rheumatoid arthritis (RA) is a chronic autoimmune disease of unknown etiology, mainly manifested by persistent abnormal proliferation of fibroblast-like synoviocytes (FLSs), inflammation, synovial hyperplasia and cartilage erosion, accompanied by joint swelling and joint destruction. Abnormal expression or function of long noncoding RNAs (lncRNAs) are closely related to human diseases, including cancers, mental diseases, autoimmune diseases and others. The abnormal sequence and spatial structure of lncRNAs, the disorder expression and the abnormal interaction with the binding protein will lead to the change of gene expression in the way of epigenetic modification. Increasing evidence demonstrated that lncRNAs were involved in the activation of FLSs, which played a key role in the pathogenesis of RA. In this review, the research progress of lncRNAs in the pathogenesis of RA was systematically summarized, including the role of lncRNAs in the diagnosis of RA, the regulatory mechanism of lncRNAs in the pathogenesis of RA, and the intervention role of lncRNAs in the treatment of RA. Furthermore, the activated signal pathways, the role of DNA methylation and other mechanism have also been overview in this review.
Keywords: rheumatoid arthritis, long noncoding RNAs, fibroblast-like synoviocytes, inflammation, epigenetic modification
INTRODUCTION
Rheumatoid arthritis is a chronic autoimmune disease of unknown etiology (Madav et al., 2020). RA is characterized by abnormal synovial hyperplasia, cartilage erosion and chronic joint inflammation of the hand and foot joints, often accompanied by other organ diseases and positive serum rheumatoid factor, which eventually leads to joint deformities and loss of function (Weyand and Goronzy, 2020).
The pathogenesis of RA is still unclear, but it is most likely related to the unique anatomy and physiological structure of the joint (Alpizar-Rodriguez and Finckh, 2020). The proliferation of fibroblast-like synoviocytes, the invasion of lymphocytes, and the formation of microvessels cause the synovial membrane to invade the cartilage surface to form pannus, destroying the structure and function of bone and cartilage (Nygaard and Firestein, 2020). Activated FLSs induce the chronic inflammation of synovium and bone erosion, and play an important role in the pathogenesis of RA (Pap et al., 2020).
Long non-coding RNAs (lncRNAs) are non-coding RNAs with length greater than 200 nucleotides (Weidle et al., 2017). lncRNAs play an important role in many life activities such as epigenetic regulation, cell cycle regulation and cell differentiation, and have become a research hotspot in genetics (Wei et al., 2017). As important regulators of pathological and physiological process, lncRNAs are also central regulators of inflammatory response, but they are poorly conserved among species (Mathy and Chen 2017).
LncRNAs can positively or negatively regulate the corresponding coding genes through various molecular mechanism (Hombach and Kretz, 2016). For example, lncRNAs can induce miRNA sponges, recruit proteins that directly enhance or interfere with transcription, and recruit chromatin modifiers, such as the polycomb repressor complexes (PRC), histone demethylases and DNA methyltransferases (Sarkar et al., 2015).
The involvement of lncRNAs in the pathogenesis of RA has been confirmed by more and more evidence (Dolcino et al., 2019). For example, Luo et al. (2017) found that there were 5,045 disordered lncRNAs in peripheral blood mononuclear cells (PBMCs) of RA patients (2,410 up-regulated and 2,635 down-regulated) compared with control. Among these lncRNAs, there were 135 potential lncRNA-mRNA target pairs, and RP11-498C9.15 targeted RA-related signaling pathways and genes closely related to RA pathogenesis in the genome.
In view of the important role of lncRNAs in RA, this work systematically summarized the new research progress of lncRNAs in RA pathogenesis, including the roles of lncRNAs in RA diagnosis, the regulatory mechanism of lncRNAs in RA pathogenesis, and the intervention effect of lncRNAs in RA treatment (Table 1).
TABLE 1 | Aberrant lncRNAs reported in RA pathogenesis.
[image: Table 1]LNCRNAS AS CIRCULATING RHEUMATOID ARTHRITIS DIAGNOSTIC MARKERS
Compared with healthy control, the expression of lncRNA-Cox2 in the serum of RA patients were significantly up-regulated, and the levels of IL-6 and MMP-9 were also significantly higher than those of healthy subjects (Shaker et al., 2019). lncRNA-Cox2 and HOTAIR can be used as new serum biomarkers to distinguish RA patients from healthy individuals (Bian et al., 2019; Lao and Xu, 2020).
The transcription level of lncRNA IFNG-AS1 in the peripheral blood of RA patients was increased, and the increased IFN-AS1 transcription level was strongly positively correlated with the levels of rheumatoid factor, erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP) (Fang et al., 2020). IFNG as a target gene of IFNG-AS1 was overexpressed in RA patients, and it was positively correlated with the transcription level of IFNG-AS1. Furthermore, T-bet regulated the transcription of IFNG-AS1 in human CD4+ T cells. The up-regulation of T-bet transcription level was also positively correlated with the expression of IFNG-AS1. Under the guidance of T-bet, the increased IFNG-AS1 played an important role in the pathogenesis of RA by regulating the expression of IFNG (Padua et al., 2016; Peng et al., 2020).
Qin et al. (2019) used Agilent LncRNA + mRNA human gene expression microarray V4.0 to characterize the plasma lncRNA expression profile of RA patients. The co-expression network constructed included 229 network nodes and 340 connections between 116 lncRNAs and 113 mRNAs. Compared with control, the levels of 289 lncRNAs in the plasma of RA patients changed significantly, of which 169 were up-regulated and 120 were down-regulated. This further suggests that lncRNAs are involved in the pathogenesis of RA.
In addition, the level of lnc-ITSN1-2 in the plasma of RA patients was significantly increased compared with control. Plasma lnc-ITSN1-2 levels were positively correlated with ESR, CRP and disease activity score (Gong et al., 2017). Circulating lnc-ITSN1-2 has a high diagnostic value for RA, and the disordered expression of lnc-ITSN1-2 may be a new marker for RA diagnosis and disease treatment (Lee and Bae, 2018; Yue et al., 2019) (Figure 1).
[image: Figure 1]FIGURE 1 | LncRNAs as circulating RA diagnostic markers. In serum of RA patients, the lncRNA-Cox2, lncRNA IFNG-AS1 and lnc-ITSN1-2 were up-regulated, whereas the HOTAIR expression was down-regulated. The lncRNA-Cox2 was involved in the pathogenesis of RA by targeting IL-6 and MMP-9, the increased IFNG-AS1 played important role in RA pathogenesis by regulating the IFNG, and the lnc-ITSN1-2 was positively correlated with ESR, CRP and disease activity score.
LNCRNAS INVOLVED IN THE PATHOGENESIS OF RHEUMATOID ARTHRITIS
As the research spread, a large number of lncRNAs were found to be disorderly expressed in RA synovial tissue and immune cells, mediating abnormal proliferation of FLSs, synovial inflammation, cartilage erosion, bone damage and abnormal immune response (Chen et al., 2019a; Waller and Blann, 2019; Xu et al., 2019).
Jiang et al. found as many as 260 differentially expressed lncRNAs in the synovium between the AA model and normal rats, with 170 up-regulated and 90 down-regulated. Six LncRNAs, XR_008357, U75927, MRAK046251, XR_006457, DQ266363 and MRAK003448 might play crucial role in the pathogenesis of RA (Jiang et al., 2016).
Zhang et al. (2016) found that 135 lncRNAs were disordered in FLSs between RA patients and healthy individuals. The level of lncRNA ENST00000483588 increased significantly, while the levels of three lncRNAs (ENST00000438399, uc004afb.1 and ENST00000452247) decreased significantly. Among them, the level of ENST00000483588 was positively correlated with the level of CRP. Jiang et al. (2017) found that three lncRNAs (S5645.1, XR_006437.1, J01878) were highly correlated with RA, and these three lncRNAs might be potential diagnostic biomarkers and therapeutic targets.
In addition, lnc-AL928768.3 and lnc-AC091493.1 increased in RA patients compared with the control group, and these two lncRNAs were positively correlated with ESR, CRP levels and disease activity scores (Sun et al., 2020b). lnc-AL928768.3 and lnc-AC091493.1 may be new markers of RA risk and disease severity.
The detection of lncRNAs levels on the synovial tissue sample of patients with RA collected during surgery can best reflect the change of lncRNAs with the pathological development, and help to investigate the regulatory mechanism of lncRNAs in the pathogenesis of RA.
LncRNAs Involved in Fibroblast-Like Synoviocytes Regulation
FLS activation and proliferation play key role in the pathogenesis of RA. Abnormal proliferation of FLS release IL-6, IL-8, IL-15 and other cytokines and chemokines, and promote the migration and activation of leukocytes from blood vessel to synovium (Miao et al., 2014; Miao et al., 2015b). FLS synthesize and secrete extracellular matrix protein such as fibronectin and cell adhesion molecule, and recruit and reside leukocytes in synovial tissue. FLS can activate B lymphocytes, secrete matrix metalloproteinase-3 and matrix degrading enzyme, degrade articular cartilage and aggravate RA (Miao et al., 2018b; Miao et al., 2018c).
Fibroblast-Like Synoviocytes Proliferation
Long noncoding-interleukin-7 receptor (lnc-IL7R) interacted with the enhancer of zeste homolog 2 (EZH2) to promote FLS proliferation and cell cycle progression in RA. Furthermore, lnc-IL7 was necessary for PRC2-mediated inhibition of the cyclin-dependent kinase inhibitor 1A and 2A (Ye et al., 2017).
The level of cytoskeleton regulator RNA (LINC00152) was significantly increased in RA FLSs compared with control. The enhanced LINC00152 promoted the proliferation of RA FLSs by inducing the activation of the canonical Wnt signaling pathway. Furthermore, forkhead box M1 (FOXM1) was the upstream regulator of LINC00152 that transcriptionally activated the LINC00152 expression, leading to the activation of the Wnt signaling. Surprisingly, LINC00152 positively regulated the FOXM1 by making miR-1270 spongy. The function of FOXM1/LINC00152 feedback loop in the regulation of RA FLSs was instructive for us to investigate the complex pathogenesis of RA (Fattahi et al., 2020; Wang et al., 2020e).
In addition, the newly identified functional LncRNA in oncology GAPLINC promoted the FLS tumor-like behavior in miR-382-5p and miR-575-dependent manner in FLSs of RA patients. GAPLINC silencing increased the expression of miR-382-5p and miR-575, while GAPLINC overexpression had the opposite effect. GAPLINC may be a new and valuable therapeutic target for RA patients (Liao et al., 2018; Mo et al., 2018).
Fibroblast-Like Synoviocytes Apoptosis
LncRNA DILC regulated liver cancer stem cells by inhibiting IL-6 (Wang et al., 2016; Huang et al., 2019). Compared with the healthy control, the plasma DILC of RA patients was down-regulated, while IL-6 was up-regulated, and the plasma DILC level was significantly negatively correlated with RA pathology. The overexpression of DILC promoted the inhibition of FLS apoptosis and IL-6 expression in RA patients, while DILC silencing has the opposite effect. DILC participated in the pathological mechanism of RA by inducing FLS apoptosis and down-regulating IL-6 (Wang et al., 2020a).
LncRNA UCA1 was highly expressed in FLSs of healthy control and decreased in FLSs of RA patients. The decreased expression of UCA1 increased the proliferation of FLSs, while overexpression of UCA1 inhibited the survival of FLSs. UCA1 affected the survival ability of FLSs by changing the expression of wnt6, suggesting that Wnt signaling pathway play important role in the pathology of RA (Yan et al., 2018).
Furthermore, the plasma growth arrest specific transcript 5 (GAS5) level of RA patients was significantly down-regulated compared with the healthy control, while the IL-18 level was significantly increased. In RA patients, there was a significant negative correlation between GAS5 and IL-18 level. Interestingly, this negative regulatory relationship was not found in control. The overexpression of GAS5 in RA FLSs resulted in the inhibition of IL-18 expression, leading to the promotion of FLS apoptosis (Ma et al., 2019). This regulation through GAS5 overexpression may help the treatment of RA disease.
In addition to low-expressed lncRNAs, high-expressed lncRNAs related to FLS apoptosis were also found during RA. LncRNA plasmacytoma variant translocation 1 (PVT1) in the synovial tissue of RA patients and RA model rats was significantly increased. PVT1 specifically bound to miR-543 and positively regulated the expression of signal peptide-CUB-EGF-like containing protein 2 (SCUBE2) by inhibiting the miR-543, leading to IL-1β secretion and FLS apoptosis inhibition. PVT1 inhibition may be a new idea for the treatment of RA (Wang et al., 2020b).
Fibroblast-Like Synoviocytes Migration and Invasion
LncRNA ZFAS1 has been observed to express significantly up-regulated in cancer, and the up-regulated ZFAS1 promoted the migration and invasion of cancer cells (Li et al., 2020c; Liu et al., 2020). Importantly, the expression of ZFAS1 in the synovial tissue and FLSs of RA patients also increased significantly. ZFAS1 knockout inhibited the migration and invasion of FLSs, while overexpression showed the effect of promoting the pathology of RA. ZFAS1 took miR-27a as a direct target and reduced the expression of miR-27a. Obviously, ZFAS1 promoted FLS migration and invasion in a miR-27a-dependent manner (Ye et al., 2018).
The expression of lncRNA RP11–83J16.1 in synovial tissue and FLSs of RA patients was significantly increased. The highly expressed RP11–83J16.1 used the URI1 as the target to regulate the expression of FRAT1 and β-catenin in FLSs, and induced the FLS proliferation, migration, invasion, inflammation (Piao et al., 2020).
LncRNA PICSAR is a lincRNA associated with skin squamous cell carcinoma (Piipponen et al., 2016). Compared with healthy control, the level of PICSAR in FLSs and synovial fluid of RA patients were significantly up-regulated. Increased PICSAR promoted the synovial invasion and joint destruction. After PICSAR expression was inhibited, FLS proliferation, migration, invasion and release of pro-inflammatory cytokines were also inhibited. PICSAR may play important role in sponging miR-4701-5p in RA and act as a marker of RA (Bi et al., 2019).
Synovial Inflammation
The highly expressed THRIL in the blood of RA patients was positively correlated with TNF-α level, DAS 28 and ESR. Inhibition of THRIL reversed the regulatory effect of TNF-α on RA FLSs, and significantly reduced the effect of TNF-α on the activity of phosphoinositide 3-kinase (PI3K) and p-AKT signaling pathways. Therefore, the highly expressed THRIL could promote the proliferation and inflammation of FLSs by activating the PI3K/AKT signaling pathway (Zhu et al., 2017; Liang et al., 2020).
In addition, LINC01197 expression decreased in the synovial tissue of RA model mice compared with control. The overexpression of LINC01197 inhibited the FLS proliferation, promoted cell apoptosis, inhibited synovial inflammation, and reduced the severity of RA. MiR-150 was confirmed to be a direct target of LINC01197. LINC01197 promoted the expression of THBS2 by inhibiting the miR-150, which further led to the inactivation of the TLR4/NF-κB signaling pathway (Wang et al., 2017b; Zhao et al., 2020) (Figure 2).
[image: Figure 2]FIGURE 2 | LncRNAs involved in FLS regulation. In RA FLS, the up-regulated lnc-IL7R interacted with the EZH2 to promote FLS proliferation and cell cycle progression, the FOXM1 was involved in the FLS proliferation by targeting the LINC00152, and the GAPLINC promoted the FLS tumor-like behavior in miR-382-5p and miR-575-dependent manners. The plasma DILC of RA patients was down-regulated, and the overexpression of DILC promoted the inhibition of FLS apoptosis by targeting the IL-6. LncRNA UCA1 was decreased, while overexpression of UCA1 inhibited the survival of FLSs. PVT1 specifically bound to miR-543 and positively regulated the expression of SCUBE2. The expression of LncRNA PICSAR, lncRNA ZFAS1, lncRNA RP11–83J16.1 in the synovial tissue and FLS of RA patients increased significantly, and these three lncRNAs affect the migration and invasion of FLS through their respective targets. The highly expressed THRIL in the blood of RA patients was positively correlated with TNF-α, DAS 28 and ESR, and the overexpression of LINC01197 inhibited the FLS proliferation, promoted the cell apoptosis, inhibited the synovial inflammation and reduced the severity of RA.
lncRNAs in PBMCS
Yuan et al. (2017) investigated the expression profile of lncRNAs in PBMCs of RA patients, and found that the ENST00000456270 and NR_002838 were up-regulated significantly, while the NR_026812 and uc001zwf.1 were down-regulated.
Wen et al. (Wen et al., 2020a; Wen et al., 2020b) found that in PBMCs of RA patients, the levels of seven lncRNAs (MIR22HG, DSCR9, LINC01189, MAPKAPK5-AS1, ENST00000619282, C5orf17 and LINC01006) were significantly changed compared with the control. Further analysis, MIR22HG, DSCR9, LINC01189, MAPKAPK5-AS1, and ENST00000619282 were potential biomarkers of RA, and their effect might be related to FLS apoptosis and autophagy. Messemaker et al. (Messemaker et al., 2015; Messemaker et al., 2016) determined the non-coding transcript (C5T1lncRNA) starting from the 3′’untranslated region (3′’UTR) of C5. The new lncRNA C5T1lncRNA was mainly expressed in the nucleus, and its expression was positively correlated with C5 mRNA in PBMCs, while C5T1lncRNA knockdown led to a decrease in C5 mRNA level, but did not affected the expression of other adjacent genes.
In addition, monocyte/macrophage differentiation mediates the inflammation and participates in the pathogenesis of RA (Paoletti et al., 2019). In the human monocytic leukemia cell line THP-1, the lncRNA noncoding transcript in T cells (NTT) was regulated by the key monocyte transcription factor C/EBPβ, and it bound to the promoter of the nearby gene PBOV1 through hnRNP-U. Overexpression of PBOV1 led to cell cycle G1 arrest and differentiation into macrophages. The C/EBPβ/NTT/PBOV1 axis was overactivated in PBMCs of the first diagnosed untreated early RA patients, which was consistent with the trend of higher disease activity DAS28 scores. The excessive activation of the lncRNA NTT/PBOV1 axis promoted the monocyte differentiation of RA and promoted the pathological development of this disease (Huber et al., 2012; Mousavi et al., 2018; Yang et al., 2018).
Single nucleotide polymorphism (SNP) plays key role in disordered lncRNA (Castellanos-Rubio and Ghosh, 2019). For example, Zhang et al. (2018) found that the level of lnc0640 in the PBMCs of RA patients was significantly increased compared with control, while the level of lnc5150 was significantly reduced. The disordered lnc0640 and lnc5150 were correlated with CRP, and the lnc5150 was correlated with the ESR. It was worth noting that the TT genotype of rs13039216 in the lnc0640 gene was related to the risk reduction of RA, and the G allele of the rs141561256 polymorphism in the lnc5150 gene was significantly related to the level of rheumatoid factor. It suggests that these two lncRNAs may be involved in the pathogenesis of RA, and SNPs play important role in the mechanism.
Identifying lncRNAs related to the transcription of RA risk genes in PBMCs has positive significance for RA.
lncRNAs in Chondrocytes
The lncRNA maternally expressed gene 3 (MEG3) is a tumor suppressor involved in the pathogenesis of cancer (He et al., 2017). Compared with healthy control, the level of MEG3 in FLSs of RA patients was significantly down-regulated, and MEG3 was also significantly down-regulated in lipopolysaccharide (LPS)-treated chondrocytes (Wang et al., 2019a). In LPS-treated chondrocytes, the cell proliferation rate and the production of IL-23 were both inhibited, but this phenomenon was reversed in chondrocytes transfected with a lentivirus containing the MEG3 coding sequence. Importantly, It was worth noting that MEG3 was negatively correlated with miR-141 and AKT/mTOR signaling, and the effect of MEG3 overexpression was partially offset by overexpression of miR-141. The inhibitory effects of MEG3 overexpression on RA pathology might be achieved by the increase of chondrocyte proliferation rate, through the negative regulation of miR-141 and AKT/mTOR signaling pathway (Li et al., 2019a; Chen et al., 2019b; Lu and Qian, 2019).
SNP may be the cause of MEG3 disorder. The low expression of MEG3 in RA patients was negatively correlated with HIF-1α and vascular endothelial growth factor A (VEGF) serum level, and positively correlated with BAX. The polymorphism of MEG3 gene rs941576 (A/G) has been confirmed to be associated with the increased severity of RA in the current population (Wahba et al., 2020).
The level of LncRNA HOTAIR in the chondrocytes treated with LPS was significantly reduced. Overexpression of HOTAIR resulted in the up-regulation of the proliferation-related protein Ki67 and proliferating cell nuclear antigen (PCNA). There was a negative correlation between HOTAIR and miR-138 expression (Huang et al., 2017; Zhou et al., 2017). Overexpression of miR-138 partially reversed the effect of HOTAIR overexpression on proliferation and inflammation. Furthermore, HOTAIR overexpression inhibited the activation of NF-κB in LPS-treated chondrocytes by inhibiting p65 to the nucleus. The overexpression of HOTAIR also increased the cell proliferation of RA rats and inhibited inflammation through the reduction of CD4+ IL-17+, CD4+ IL-23+ cells and the down-regulation of IL-1β and TNF-α. HOTAIR alleviated the pathological development of RA by targeting miR-138 and NF-κB pathway, suggesting that HOTAIR might be a potential RA diagnostic marker and therapeutic target (Zhang et al., 2017a; Gupta et al., 2020).
Besides, HOTAIR directly inhibited the expression of WIF-1 by increasing the H3K27 trimethylation in WIF-1 promoter, leading to activation of the canonical Wnt pathway. Given that the pathway regulated the expression of MMP-13 and was responsible for the degradation of type II collagen in articular cartilage, HOTAIR was involved in the cartilage damage mechanism in RA pathology (Zhou et al., 2019). Obviously, HOTAIR plays important role in the regulation of cartilage cells in RA patients.
lncRNAs in T Cells
LncRNA LINC01882 was mainly expressed in T cells, while the expression of LINC01882 was significantly down-regulated in anti-CD3/CD28 activated primitive CD4+ T cells. Knockdown of LINC01882 in Jurkat T cells showed that the expression of factors related to IL-2 regulation were up-regulated, such as the transcription factor ZEB1 and the kinase MAP2K4. LINC01882 was related to T cell activation and played important role in the abnormal immune mechanism of RA (Houtman et al., 2018).
lncRNA NEAT1 was significantly up-regulated in Th17 cells differentiated from CD4+ T cells in vitro. The up-regulation of NEAT1 promoted the differentiation of CD4+ T cells into Th17 cells by regulating its downstream molecule STAT3, whereas knockout of NEAT1 inhibited the differentiation and the pathological progress of RA by regulating the expression of STAT3. NEAT1 was an active molecule for CD4+ T cell differentiation, which was involved in the pathogenesis of RA (Mishra et al., 2019; Shui et al., 2019). The T cells of RA patients showed significantly elevated levels of GAS5, RMRP and THRIL compared with the control. A positive correlation was found between RMRP expression and disease duration in RA. GAS5, RMRP and THRIL have value in distinguishing RA patients from healthy individuals. (Wu et al., 2019a; Moharamoghli et al., 2019).
In addition to the five lncRNAs introduced above, seven up-regulated lncRNAs and two down-regulated lncRNAs were detected in peripheral blood CD4+ T cells from 12 active RA patients and eight healthy individuals using magnetic beads (Li et al., 2020a). These evidences showed that lncRNAs play important regulatory role in T cell abnormalities through corresponding mechanisms.
lncRNAs Involved in Inflammation
Compared with the control, the level of LOC100652951 and LOC100506036 in the T cells of RA patients were significantly increased. The expression of LOC100652951 in T cells of RA patients treated with biological agents was significantly inhibited. Furthermore, the LOC100506036 was involved in regulating the expression of sphingomyelin phosphodiesterase 1 (SMPD1) and NFAT1 to promote the inflammatory response of RA (Lu et al., 2016).
The level of lncRNA HIX003209 was significantly up-regulated in the PBMCs of RA patients. Enhanced HIX003209 participated in TLR4-mediated inflammation by targeting miR-6089 in macrophages, and promoted the proliferation and activation of macrophages through the IκBα/NF-κB signaling pathway. HIX003209 exaggerated the inflammation of RA and promoted the pathological development of RA by sponging the miR-6089 through the TLR4/NF-κB pathway (Yan et al., 2019).
The level of H19 in the synovial tissue of RA patients was significantly higher than that of normal control. Both the MAP kinase ERK-1/2 pathway and the phosphatidylinositol 3-kinase pathway affected the H19 RNA expression. The increased sensitivity of overexpressed H19 RNA to starvation/cytokine regulation in RA indicated that embryo genes were involved in the pathogenesis of RA, which reflect the embryonic dedifferentiation and continuous inflammation in synovial tissue (Stuhlmüller et al., 2003; Jarroux et al., 2017; Yang et al., 2020).
Experimental analysis using mice showed that lncRNA GAS5 was maintained at a high basal level in immune organs (such as spleen and thymus), while its level in metabolic organs including liver, fat and skeletal muscle was lower. GAS5’s involvement in immune mechanism and inflammatory response may be achieved by inhibiting the mTOR pathway (Shi et al., 2013; Mayama et al., 2016).
lncRNAs Involved in Joint Destruction
During the RA, the level of discoidin domain receptor 2 (DDR-2) was significantly increased, which was positively correlated with the level of interleukin and RA factor (Zhao et al., 2014). The activated DDR-2 induced the expression of H19 through c-Myc, and the enhanced H19 directly interacted with miR-103a and promoted its degradation. It could be confirmed that DDR-2 participated in the promotion of inflammation and joint destruction of RA through the regulation of H19-miR-103a axis and inflammatory factors (Mu et al., 2020; Wu et al., 2019b; Zhi et al., 2020).
Anticitrullinated protein antibody (ACPA)-negative RA is a subspecies of RA characterized by a milder disease (Shao et al., 2019). There were H3K4me3 histone markers, transcription factors and lncRNAs in rs2833522 located between HUNK and SCAF4. Rs2833522 was related to the severity of joint damage in ACPA-negative RA (de Rooy et al., 2015).
In addition, lncRNA LERFS negatively regulated the migration, invasion and proliferation of joint synovium by interacting with heterogeneous nuclear ribonucleoprotein Q (hnRNP Q). However, LERFS was low expressed in RA FLSs, and the reduced LERFS led to the reduction of LERFS-hnRNP Q complex, thereby reducing the binding of hnRNP Q to the mRNAs of small GTPase protein RhoA, Rac1 and CDC42 that control the activity and proliferation of FLSs. This mechanism increased the stability or translation of RA-related mRNAs, leading to synovial invasion and joint destruction in RA patients (Zou et al., 2018).
LNCRNAS THAT INTERACTS WITH DNA METHYLATION
DNA methylation is a form of DNA chemical modification, which can change the genetic performance without changing the DNA sequence. DNA methylation refers to the covalent binding of a methyl group to the cytosine 5 carbon site of CpG dinucleotide under the action of DNA methyltransferase. DNA methylation can cause changes in chromatin structure, DNA conformation, DNA stability and the interaction between DNA and protein, thus controlling gene expression (Miao et al., 2015a; Miao et al., 2018a). Studies have shown that DNA methylation is directly related to the regulation mechanism of lncRNAs.
Low-Expressed lncRNAs
DNA methylation are involved in the roles of lncRNAs in the pathological mechanisms of RA, and the low level of lncRNAs may be related to the DNA methylation of its own promoter (Sun et al., 2020a).
LncRNA Fer-1-like protein 4 (FER1L4) was a reported tumor suppressor involved in cancers (Chen et al., 2018). Compared with healthy control, the level of FER1L4 in the synovial tissue and FLSs of RA patients was significantly reduced, and the NLRC5 was increased. Overexpression of FER1L4 inhibited the expression of NLRC5 and reduced the level of inflammatory cytokines. It is worth noting that the FER1L4 gene promoter was obviously methylated during the disease, and the methylation inhibitor 5-aza-2-deoxycytidine inhibited the FER1L4 promoter hypermethylation (Yu et al., 2020).
GAS5 was also involved in the proliferation and inflammatory response in RA. The expression of GAS5 in the synovial tissue and FLSs of RA patients was significantly reduced, while the expression of homeodomain-interacting protein kinase 2 (HIPK2) was significantly increased. The low expression of GAS5 related to hypermethylation in GAS5 promoter. Overexpression of GAS5 reduced the level of TNF-α and IL-6 by targeting the HIPK2 (Li et al., 2020b).
In normal physiological conditions, lung adenocarcinoma transcript 1 (MALAT1) bound to the CTNNB1 promoter region and recruited methyltransferase to promote the methylation of the CTNNB1 promoter (Li et al., 2018b). When CTNNB1 transcription was inhibited by methylation, the Wnt signaling pathway was blocked (Huangfu et al., 2018). In RA pathogenesis, silent MALAT1 could not methylate the CTNNB1 promoter, whereas stimulated the expression of β-catenin, increased the proliferation of FLSs and inhibited the apoptosis. MALAT1 was involved in the activation of Wnt pathway and the pathological progress of RA, and restored MALAT1 inhibited the secretion of inflammatory cytokines such as IL-6, IL-10 and TNF-α (Li et al., 2019b; Zhang et al., 2019b).
Previous studies have shown that nucleotide oligomerization domain (NOD)-like receptors 5 (NLRC5) plays key role in inflammation and autoimmune diseases (Zou and Xu, 2020). Our recent study showed that MEG3 level was significantly decreased, while NLRC5 was increased. The low expression of MEG3 was related to the abnormal increase of NLRC5 and inflammatory cytokines. Interestingly, methylation specific PCR showed that the promoter of MEG3 gene was significantly methylated. The methylation inhibitor 5-azadc could inhibit the hypermethylation of MEG3 promoter, which indirectly proved that DNA methylation was involved in the regulation of MEG3. These results suggest that epigenetic modification may regulate RA by targeting MEG3 and NLRC5 (Liu et al., 2019).
Highly Expressed lncRNAs
In addition, highly expressed lncRNAs can bind to the promoter region of targets to recruit DNA methylases, trigger hypermethylation and inhibit their expression.
SFRP1 was upstream regulator of Wnt signaling pathway, which was decreased during RA (Miao et al., 2013; Miao et al., 2015c; Cici et al., 2019). LncRNA HOTTIP was highly expressed in FLSs of RA patients, silencing HOTTIP or SFRP1 overexpression inhibited the proliferation and invasion of RA FLS, and promoted the apoptosis. Evidence suggested that HOTTIP recruited Dnmt3b to the SFRP1 promoter, induced the hypermethylation of SFRP1 promoter and activated the Wnt signaling pathway (Hu et al., 2020b).
The PVT1 level was significantly increased in rat synovial tissue and FLSs, which was negatively regulated with the low expression of sirtuin 6 (sirt6). PVT1 in the nucleus bound to the sirt6 promoter and induced methylation of sirt6, leading to its transcriptional inhibition. PVT1 knockdown restored the expression of sirt6 by reducing the methylation of sirt6 promoter and reduced the level of RA factor (Zhang et al., 2019a).
LNCRNAS INVOLVED IN DRUG TREATMENT OF RHEUMATOID ARTHRITIS
Methotrexate
Compared with healthy control, the level of long intergenic noncoding RNA-p21 (lncRNA-p21) in blood sample of RA patient was decreased, while the level of phosphorylated p65 (rela), a marker of NF-κ B activation, was significantly increased. Compared with RA patients who did not receive low-dose methotrexate treatment, the lncRNA-p21 in blood sample of the treatment group was increased, and the phosphorylated p65 (rela) was significantly decreased in the treatment group. In cell culture using primary and transformed cell lines, methotrexate induced lncRNA-p21 through a DNA dependent protein kinase catalytic subunit mechanism, which reduced NF-κ B activity in TNFα treated cells (Spurlock et al., 2014; Spurlock et al., 2015).
Tocilizumab and Adalimumab
CD14+ monocytes were isolated from RA patients before and after treatment with anti-IL-6R (tocilizumab) or anti-TNF-α (adalimumab), and the transcriptional changes of lncRNAs were analyzed by microarray (Finzel et al., 2019). IL-6 or TNF-α treatment significantly regulated the expression of 85 lincRNAs, and the regulation of lincRNA transcription was highly specific to different cytokines. LincRNAs were involved in the mechanism of RA treatment with tocilizumab and adalimumab (Müller et al., 2014).
Tanshinone IIA
LncRNA GAS5 in synovial tissue and FLSs of RA patients was significantly decreased. SiRNA knockout of GAS5 in FLSs from healthy control inhibited the apoptosis of RA FLSs and activated the PI3K/AKT signaling pathway. Tanshinone IIA could increase the expression of GAS5, promote the apoptosis of RA FLSs and inhibit the PI3K/Akt signaling pathway (Li et al., 2018a; Wang et al., 2019b; Tang et al., 2019). Tanshinone IIA may play a therapeutic role in RA by up-regulating the GAS5 and promoting the apoptosis of RA FLSs.
Astragalosides
Astragalosides is a traditional Chinese medicine that has been proven to treat RA (Qi et al., 2017). After astragalosides treatment, the expression of 75 lncRNAs and 247 mRNAs changed, and the activity of 17 signal pathways changed. RT-qPCR and microarray data analysis showed that four lncRNAs (MRAK012530, MRAK132628, MRAK003448 and XR_006457) were key lncRNAs, which may be regulators under the action of astragalosides and the key therapeutic targets (Jiang et al., 2019).
Caulophyllum Robustum Maxim
CRM was a traditional Chinese medicine for the treatment of RA in China (Wang et al., 2017a). A total of 218 significantly up-regulated genes and 191 down-regulated genes were identified between the CRME drug group and the control group, especially the Egr1, Cxcl2, Ccl3, Zfp36, Hist1h2ba and Hist1h2bj were involved in CRME’s regulation of RA pathogenesis. CRME mediate the course of RA through TNF signaling pathway, Toll receptor-like signaling pathway and chemokine signaling pathway (Lü et al., 2020).
Quercetin
Quercetin is a dietary antioxidant and participates in the pathogenesis of cancer (Haleagrahara et al., 2017; Lu et al., 2020). Furthermore, quercetin up-regulated the level of lncRNA MALAT1. Knockdown of MALAT1 in RA FLSs reduced the expression of caspase-3 and caspase-9 and activated the PI3K/AKT signaling pathway, resulting in enhanced FLS proliferation and inhibition of FLS apoptosis. Therefore, quercetin promoted the FLS apoptosis by up-regulating the MALAT1 and inhibit the PI3K/AKT signaling (Pan et al., 2016).
Tripterygium
Tripterygium is a traditional Chinese medicine used to treat RA (Zhang et al., 2017b). (5R)-5-hydroxytriptolide (LLDT-8) is a compound extracted from tripterygium wilfordii, which has lower drug toxicity and higher therapeutic effect (Zeng et al., 2016). Evidence suggested that LLDT-8 affected the gene expression network in FLSs of RA patients, especially the expression of lncRNAs and mRNAs in immune-related pathways. Comparing before and after LLDT-8 treatment, 394 genes were significantly differentially expressed in FLSs, of which 281 were down-regulated and 113 were up-regulated. Immune-related chemokine signaling pathway and TNF signaling pathway were involved in this mechanism (Guo et al., 2019).
Huayu Qiangshen Tongbi Formula
HQT is a traditional Chinese medicine and is a commonly used Chinese medicine prescription for the treatment of RA (Wang et al., 2019c). The level of lncRNA uc.477 in the serum of RA patients was up-regulated, the level of miR-19b was down-regulated, and the former might have direct regulatory effect on the latter. Interestingly, HQT treatment of collagen-induced RA model mice normalized the expression of lncRNA uc.477 and miR-19b in FLSs of model mice. The therapeutic effects of HQT on RA might be achieved through the regulation of lncRNA uc.477 (Wang et al., 2020d).
CONCLUSION AND NEW PERSPECTIVES
LncRNAs are of great importance in gene regulation, almost participate in various biological process and pathways, and are closely related to the pathological mechanism of different diseases. It has become a research hotspot in the past few years and in the future (Dangelmaier and Lal, 2020). For the human genome, the number of lncRNAs produced is much greater than the number of coding RNAs (Chu et al., 2020). At present, except for the functions of a few lncRNAs in the pathogenesis of RA have been clarified, the effect and mechanism of most lncRNAs on RA are still unknown (Karami et al., 2020). It is worthy of in-depth study, which is of great significance for elucidating the pathogenesis of RA.
The research of lncRNAs in RA is an emerging field. At present, RA is the most studied in this field in autoimmune diseases, and less in other autoimmune diseases, such as systemic lupus erythematosus (SLE), Sjǒgren syndrome, scleroderma and polyarteritis nodosa (Long et al., 2016; Zhao et al., 2018; Cecchettini et al., 2019). In view of the common immune disorder and abnormal inflammation of these diseases, the role and mechanism of lncRNAs in RA have reference significance for the pathogenesis of other autoimmune diseases. However, a great number of studies have also found lncRNAs in various tissues are more tissue-specific than coding RNAs and microRNAs, indicating that lncRNAs are closely related to the functional specificity of tissues, which is a difficult point in the study of lncRNAs (Kazimierczyk et al., 2020).
Through high-throughput screening, the expression profile of lncRNAs in RA has been relatively elucidated (Sigdel et al., 2015). In-depth exploration of the function of lncRNAs in RA is extremely important. In addition to constructing lncRNA overexpression vectors or silencing lncRNAs to show the biological function of lncRNAs, it is also necessary to analyze how lncRNAs function in molecular mechanism, including the interaction between lncRNAs and RNA, the interaction between lncRNAs and proteins, and the binding of lncRNAs to DNA sequences (Akkipeddi et al., 2020). It is particularly important that in the initial research stage of lncRNAs, it is generally not considered that they have the ability to encode, but new evidence shows that some lncRNAs may function by encoding small peptides (Hartford and Lal, 2020). The coding potential of lncRNAs and the identification of peptides are currently hotspots.
The identified lncRNAs related to the pathogenesis of RA may become RA diagnostic markers or drug molecules that regulate disease progression (Wang et al., 2020c). However, it is still too early to develop disease-modifying therapeutics that directly target and regulate the lncRNAs, or whether lncRNAs themselves can be used as pharmaceutical molecules (Hu et al., 2020a). The technology and feasibility in this area are also immature for the earlier researched miRNAs (Tribolet et al., 2020). Moreover, siRNA-mediated treatment technology based on RNA interference has made progress. For example, the progression of animal model has been obtained by targeted knockout of related genes (Pearson and Jones, 2016). This provides inspiration for the development of lncRNAs as new targets for RNA interference-based therapies.
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CFA: complete Freund’s adjuvant
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PBMCs: peripheral blood mononuclear cells
LLDT-8: (5R)-5-hydroxytriptolide
lnc-IL7R: Long noncoding-interleukin-7 receptor
LPS: lipopolysaccharide
MEG3: maternally expressed gene 3
NLRC5: nucleotide oligomerization domain (NOD)-like receptors 5 nucleotide oligomerization domain-like receptors 5
NLRC5: nucleotide oligomerization domain (NOD)-like receptors 5 nucleotide oligomerization domain-like receptors 5
PI3K: phosphoinositide 3-kinase
PVT1: plasmacytoma variant translocation 1
RA: rheumatoid arthritis
SCUBE2: signal peptide-CUB-EGF-like containing protein 2
sirt6: sirtuin 6
SLE: systemic lupus erythematosus
SMPD1: sphingomyelin phosphodiesterase 1
SNP: single nucleotide polymorphism
3′UTR: 3′untranslated region
VEGF: vascular endothelial growth factor A
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Hermansky-Pudlak Syndrome (HPS) is a rare, genetic, multisystem disorder characterized by oculocutaneous albinism (OCA), bleeding diathesis, immunodeficiency, granulomatous colitis, and pulmonary fibrosis. HPS pulmonary fibrosis (HPS-PF) occurs in 100% of patients with subtype HPS-1 and has a similar presentation to idiopathic pulmonary fibrosis. Upon onset, individuals with HPS-PF have approximately 3 years before experiencing signs of respiratory failure and eventual death. This review aims to summarize current research on HPS along with its associated pulmonary fibrosis and its implications for the development of novel treatments. We will discuss the genetic basis of the disease, its epidemiology, and current therapeutic and clinical management strategies. We continue to review the cellular processes leading to the development of HPS-PF in alveolar epithelial cells, lymphocytes, mast cells, and fibrocytes, along with the molecular mechanisms that contribute to its pathogenesis and may be targeted in the treatment of HPS-PF. Finally, we will discuss emerging new cellular and molecular approaches for studying HPS, including lentiviral-mediated gene transfer, induced pluripotent stem cells (iPSCs), organoid and 3D-modelling, and CRISPR/Cas9-based gene editing approaches.
Keywords: hermansky-pudlak syndrome, pulmonary fibrosis, lung, therapeutics, immunopathogenesis
INTRODUCTION
Hermansky-Pudlak Syndrome (HPS) is a rare, autosomal recessive, multisystem disorder that has a disproportionately high effect on Puerto Ricans (1 in 1800) (Witkop et al., 1990). This disorder is caused by genetic mutations which result in defective lysosome-related organelles (LROs) such as melanosomes, which synthesize and store melanin, and platelet dense granules, which store small signaling molecules involved in platelet aggregation (Hermansky and Pudlak 1959; Seiji et al., 1963; King and Reed, 2002). Consequently, patients with HPS often develop oculocutaneous albinism (OCA), which results in hypopigmentation of hair, skin, and eyes, iris transilluminations, visual acuity, congenital nystagmus, foveal hypoplasia, and increased optic nerve decussation (Gahl et al., 1998; Power et al., 2019). Other symptoms include bleeding diathesis, and in a large number of individuals, immunodeficiency, granulomatous colitis, and pulmonary fibrosis. Affected individuals with bleeding diathesis may experience variable bruising, gingival bleeding, postpartum hemorrhage, colonic bleeding, and epistaxis (Huizing et al., 1993). Granulomatous colitis, which affects approximately 15% of patients with HPS, has similar clinical and pathological presentations as chronic ulcerative colitis and Crohn’s disease (Huizing et al., 1993; Grucela et al., 2006; Hazzan et al., 2006; Salvaggio et al., 2014).
HPS pulmonary fibrosis (HPS-PF) is a highly penetrant pulmonary fibrosis that occurs in patients with subtypes HPS-1, HPS-2, and HPS-4 (White et al., 1984; Brantly et al., 2000; Bachli et al., 2004). Onset usually occurs at 30–40 or 50–60 years of age, depending on the individual’s genetic makeup and response to inflammation (Vicary et al., 2016). HPS-PF shares a similar histological pattern as idiopathic pulmonary fibrosis (IPF) and is characterized by the development of dyspnea and incrementing debilitating hypoxemia (American Thoracic Society, 2002; Vicary et al., 2016). Much like IPF, HPS-PF results in progressive and irreversible scarring of lung tissue that ultimately leads to respiratory failure and death within approximately 10 years of HPS-PF onset (American Thoracic Society, 2002; Gahl et al., 2002). There are currently no available therapeutic interventions designed to treat HPS-PF, and the mainstay of clinical management is lung transplantation. However, the processes of finding a donor and performing the transplant can be difficult and risky. In Puerto Rico, for example, centers capable of performing lung transplantation are not available (Vicary et al., 2016). Thus, there is a pressing need to better understand the underlying mechanisms and pathogenesis of HPS and HPS-PF in order to begin developing effective therapeutic treatments.
Cellular processes that contribute to the pathogenesis of HPS-PF include apoptosis and dysfunction of type II alveolar (AT2) cells, and immune cell activation and dysfunction leading to alveolar inflammation (Fontana et al., 2006; Phan 2012; Trimble et al., 2014; Gil-Krzewska et al., 2017). Clinical studies suggest that mast cells and fibrocytes also likely play a role in HPS-PF although their mechanism of action is not fully understood (Trimble et al., 2014; Kirshenbaum et al., 2016). Studies using murine models of HPS have shined a light on the molecular mechanisms of fibroprolifeation in HPS. High levels of Chitinase-3-like 1 (CHI3L1), a prototypic chitinase-like protein, have been associated with tissue injury and remodeling in various forms of pulmonary fibrosis (PF), including HPS-PF (Zhou et al., 2015). Galectin-3 (Gal-3), a β-galactoside-binding lectin that interacts with CHI3L1 and its receptor IL-13Rα2, is associated with the progression of HPS-PF (Zhou et al., 2018). Additionally, various matrix metalloproteinases (MMPs) that have been shown to contribute to other forms of PF, is dysregulated in the HPS lung (Summer et al., 2019). Defective autophagy may also play a role in the development of HPS-PF (Ahuja et al., 2016). While many of these cellular and molecular processes have been identified as important contributors to the development of HPS-PF, little is known about the mechanisms linking these processes to the actual fibroproliferative processes, and no therapeutic has been developed to target these cell and molecular pathways.
The goal of this review is to summarize the current understanding of HPS, focusing on its genetic basis, epidemiology, and current clinical management, along with the cellular and molecular pathways involved in the progression of HPS-PF. This review will also discuss novel models for future studies of HPS-PF, potential targets for treatment, and areas of research within HPS that require further investigation.
GENETICS
The ten subtypes of HPS, HPS-1 through HPS-10, are caused by mutations in human genes HPS1 through HPS10, respectively. These HPS genes encode proteins that form Biogenesis of Lysosome-related Organelles Complexes (BLOCs), which are essential for the synthesis of LROs such as melanosomes, platelet dense bodies, lamellar bodies, and lytic granules of cytotoxic T lymphocytes (Dell’Angelica et al., 2000; Dell’Angelica, 2004). Defects in these LROs result in hypopigmentation and platelet storage deficiencies observed in all patients with HPS (Huizing et al., 2000). Three BLOCs-BLOC-1, BLOC-2, and BLOC-3-have been associated with the development of HPS. As displayed in Figure 1, BLOC-1 is a multimeric complex containing proteins HPS-7, HPS-8, and HPS-9, along with other subunits such as Snapin and other BLOS subunits (Li et al., 2003; Cullinane et al., 2012; Badolato et al., 2012; Starcevic and Dell’Angelica 2004). BLOC-2 is comprised of three large subunits, HPS-3, HPS-5 and HPS-6 (Carmona-Rivera et al., 2011; Starcevic and Dell’Angelica 2004; Bowman et al., 2019). BLOC-3 is a two-subunit complex composed of HPS-1 and HPS-4 proteins (Chiang et al., 2003). Mutations in adaptor protein complex-3 (AP-3)—a stable heterotetrametric complex (Figure 1) that assists in the transport of vesicles from endosomes and the biogenesis of LROs—have also been implicated in the development of HPS (Simpson et al., 1997). Specifically, genes AP3B1 and AP3D encode the subunits β3A and δ of AP-3, respectively, and mutations in these genes result in HPS subtypes HPS-2 and HPS-10 (Simpson et al., 1997; Mohammed et al., 2019). Mutations found in the same BLOCs result in similar phenotypes with BLOC-3-related HPS subtypes having the most severe complications including the development of HPS-PF (Hermos et al., 2002; Anderson et al., 2003; Huizing et al., 2009). Individuals with a BLOC-1 and BLOC-2 related mutations present with milder OCA symptoms, and little to no pulmonary fibrosis when compared to individuals with mutations in HPS1 and HPS4 (BLOC-3 related) (Iwata et al., 2000; Anikster et al., 2001).
[image: Figure 1]FIGURE 1 | Genes encoding subunits of four proteins complexes called the Biogenesis of Lysosome-related Organelles Complexes (BLOC-1, -2, -3) and Adaptor Protein-3 (AP-3). The protein complexes play a role in the intracellular trafficking required for LRO biogenesis. Created with BioRender.com.
At present, there is still uncertainty about how mutations in the HPS genes lead to the clinical manifestations of HPS, but several studies have begun to identify the functions of HPS proteins and their associated BLOCs. BLOC-1, BLOC-2, and AP-3 interact and assist in melanosome biogenesis by trafficking necessary components from endosomes away from the degradative lysosomal pathway (Di Pietro et al., 2006; Setty et al., 2007; Truschel et al., 2009). BLOC-3 is a Rab32 and Rab38 (Rab32/38) guanine nucleotide exchange factor (GEF), which is capable of activating small GTPases and affecting downstream targets via intracellular signaling and protein trafficking. Rab32/38 assists in the trafficking of enzymes important for proper pigmentation, and mutations in Rab38 and the prenylation machinery that links Rab proteins to membranes can result in alteration of platelet and melanosome formation, causing pigmentation defects (Gerondopoulos et al., 2012; Vicary et al., 2016). Additionally, activated Rab32/38 is needed for the transport of tyrosinase and tyrosinase-related protein I (TYRP1) from premature endosomes to melanosomes in melanocytes (Wasmeier et al., 2006). Disruption of this Rab32/38 function leads to the common oculocutaneous manifestations found in individuals with HPS-1 (Ikawa et al., 2015). AT2 cells play a crucial role in surfactant synthesis and secretion in the lungs (Guttentag et al., 2005; Atochina-Vasserman et al., 2011). In AT2 cells, Rab38 assists in the maturation and maintenance of lamellar bodies, surfactant homeostasis, and the structure of the alveolar epithelium (Osanai et al., 2008; Zhang et al., 2011). AT2 cells lacking Rab38 have enlarged lamellar bodies with altered surfactant contents, leading to the progressive lung fibrosis seen in patients with subtypes HPS-1 and HPS-4. While studies suggest that mutations causing defects in BLOC-3 and Rab32 in macrophages and monocytes might lead to susceptibility to granulomatous colitis, little is still known about the molecular and cellular basis of this connection.
EPIDEMIOLOGY
HPS has been reported in patients worldwide and seen in individuals with different ethnic backgrounds, including India, China, Japan, Western Europe, the Middle East, and Latin America (Carmona-Rivera et al., 2011). However, it has been most commonly reported in the Caribbean island of Puerto Rico. In the northwest region of Puerto Rico, 1 in 1800 suffer from subtype HPS-1, and 1 in 21 are a carrier of the founder mutation, a 16 base pair (bp) duplication in exon 15 of HPS1 (El-Chemaly and Young, 2016). Molecular analysis of non-Puerto Rican Hispanic HPS patients have revealed that none of these patients carries the Puerto Rican mutation in the HPS1 gene, but rather other mutations in the HPS1, HPS4 and HPS5 genes (Carmona-Rivera et al., 2011). In central Puerto Rico, 1 in 4000 people are affected by subtype HPS-3 (Anikster et al., 2001; Santiago Borrero et al., 2006). Ashkenazi Jews comprise a majority of the non-Puerto Rican patients affected by the HPS-3 subtype (Huizing et al., 2001). Given how the severity of HPS clinical symptoms can vary depending on the HPS subtype, it may be valuable to do wider screenings for HPS in patients with mild hypopigmentation disorders. One study has shown that 35% of the German albino population are candidates for having mild HPS (Passmore et al., 1999; Huizing et al., 2001).
CLINICAL MANIFESTATIONS
All HPS subtypes result in OCA and a platelet storage pool deficiency (Seward and Gahl, 2013). However, each subtype of HPS is distinguished from the others by signs, symptoms and genetic cause, as described in the above sections (Huizing et al., 1993; Li et al., 2004; Sánchez-Guiu et al., 2014). PF can occur in patients with mutations in HPS1, AP3B1 (HPS2), and HPS4, and individuals in the northwest region of Puerto Rico are largely affected (Huizing et al., 1993). Other subtypes like HPS-3, HPS-5, and HPS-6 have milder symptoms (Kelil et al., 2014; Vicary et al., 2016).
Skin/Hair/Eye Hypopigmentation
Hair color in HPS patients ranges from white to brown and can also darken with age. Skin color can be white or olive (Huizing et al., 1993). Patients with hypopigmentation of the skin are at increased risk of solar keratosis, photo-aging of the skin, sunburn, and 3 major forms of cutaneous malignancy: squamous cell carcinoma, basal cell carcinoma, and melanoma (Huizing et al., 2000). The risk of UV-associated skin damage in patients with HPS is highest in childhood (Seward and Gahl, 2013). The eyes in almost all children with HPS have nystagmus and periodic alternating nystagmus which cause wandering eye movements and lack of visual attention (Gradstein et al., 2005).
Bleeding Diathesis
The HPS platelet storage pool deficiency causes bleeding diathesis and often manifests in infancy and persists throughout life. Bleeding can occur with simple trauma to the skin, dental extractions or dental cleanings, and menstrual bleeding for many women with HPS (Seward and Gahl, 2013). Pregnancies have to be managed as high risk because of the bleeding diathesis (Beesley et al., 2008). Epistaxis usually occurs in childhood and diminishes after adolescence (Huizing et al., 1993). Patients with HPS wear medical alert bracelets: due to bleeding diathesis complications, blood-thinning medications such as ibuprofen, aspirin, and warfarin should be avoided. Instead, desmopressin can be used to prevent these bleeding complications. Additionally, platelet transfusions may be required in the case of severe bleeding episodes or surgical procedures (El-Chemaly and Young, 2016).
Colitis
The granulomatous inflammation in the bowel of patients with HPS resembles that of Crohn’s disease both clinically and pathologically (Salvaggio et al., 2014). The involvement of the gastrointestinal tract by a granulomatous colitis has been described in patients with HPS-1, HPS-4 and HPS-6 (Huizing et al., 1993; El-Chemaly and Young, 2016). Severe colitis affects approximately 15% of patients with HPS (El-Chemaly and Young, 2016). Treatment of HPS-related colitis entails a similar treatment to Crohn’s disease with anti-inflammatory drugs, immunosuppressants, and infliximab (Hazzan et al., 2006; Hussain et al., 2006). Surgery is the last resort for patients with further complications (Seward and Gahl, 2013).
Immunodeficiency
Individuals with HPS-2, which is characterized by the lack of the β3A subunit in the Adaptor protein-3 (AP-3), are immunodeficient (Fontana et al., 2006). Neutropenia, an abnormally low neutrophil count, has been associated with AP-3-deficient HPS-2 patients, including the individuals with the pathogenic variants in AP3B1 (Huizing et al., 1993; Fontana et al., 2006). The mechanisms that contribute to the defective immune system in HPS-2 patients remain unknown. Studies using cells from HPS-2 patients predict cellular processes for the immune dysfunction are associated with impaired function of cytotoxic T cells and Natural Killers (NK) cells (Gil-Krzewska et al., 2017). Dendritic cells from HPS-2 patients showed severely impaired cytokine and chemokine release, indicating that faulty cytokine secretion could be one of the major factors contributing to immunological deficiency in individuals with HPS-2 (Prandini et al., 2016; Gil-Krzewska et al., 2017). It is interesting to note that, in addition to HPS-2, NK cells recovered from HPS-1 individuals also had reduced cytotoxicity and lytic functions. HPS-1 patients are generally not immunodeficient and are not predisposed to infections because the reduced NK cell activity was mitigated with increased cell number (Gil-Krzewska et al., 2017). However, the authors found normal NK cell activity in HPS-4 individuals, suggesting that BLOC-3 complex does not have a direct role in regulating NK cell cytotoxicity. Animal models of HPS have provided supportive evidence for defective immune system associated with HPS-2. Using cells from AP3B1(HPS2) deficient mice, Sasai et al. demonstrated that AP-3 is responsible for the trafficking of TLR9 to this subcellular compartment, contributing to pattern recognition of viral nucleic acids (Sasai et al., 2010).
Pulmonary Fibrosis
Patients with HPS-1, HPS-2, and HPS-4 most commonly experience associated PF. HPS-PF and IPF are considered similar diseases because they show similar patterns clinically and histologically (Vicary et al., 2016). In patients with HPS-1, about 100% of individuals develop HPS-PF. Similar to IPF, HPS-PF is characterized by a progressive fibrogenesis of the lung parenchyma and interalveolar septa that eventually leads to death from respiratory failure (Seward and Gahl, 2013). Both forms of PF also manifest similar symptoms, including dyspnea and incrementing debilitating hypoxemia. One difference is that IPF typically manifests in individuals over age 50 years old while HPS-PF typically manifests in individuals at the age of 30–40 years old. Additionally, the average survival time after diagnosis with IPF and HPS is about 3 years (Witkop et al., 1990; Vicary et al., 2016; Raghu et al., 2018). To date, the pathogenesis of PF in HPS remains unknown, and the PF is the leading cause of death in HPS patients. For the remaining of this article, we focus on the clinical management strategies of HPS-PF, as well as clinical and experimental evidences using cell culture and animal models investigating the pathogenesis of HPS-PF.
CLINICAL MANAGEMENTS OF HPS-PF
Diagnosis
The diagnosis of pulmonary fibrosis is performed with a high-resolution computed tomography of the chest (HRCT). HRCT is performed using a CT scanner that takes thin-slice chest images with lung details. Some of the findings in the HRCT in the early stages include septal thickening, ground-glass pattern, mild reticulation, and in the advanced stages of HPS-PF, severe reticulation, bronchiectasis, subpleural cysts, and peribronchovascular thickening may be found. HRCT is more sensitive than chest radiography in the evaluation of the progression of HPS-PF, and provides a good radiologic monitoring of disease progression that correlates well with age, extent of pulmonary dysfunction, and genetic findings (Avila et al., 2002).
Pirfenidone as the Treatment for HPS-PF
Although the mechanism of action of pirfenidone is still unknown, it has been shown to have both anti-inflammatory and anti-fibrotic effects (Cho and Kopp, 2010). Inhibition of both production and activity of TGF-β is considered as a key characteristic of the anti-fibrotic mechanism of pirfenidone (Myllärniemi and Kaarteenaho, 2015). Pirfenidone treatment has been shown to drastically suppresses the TGF-β gene transcription by 33% in bleomycin-induced lung injury hamster model (Iyer et al., 1999b) and in the other study pirfenidone extinguishes bleomycin-induced overexpression of procollagen I and III genes (Iyer et al., 1999a). It was subsequently approved by the United States Food and Drug Administration as treatment for IPF in 2014, after a multinational phase 3 trial conducted for 52 weeks which showed that pirfenidone reduced disease progression in patients with IPF and was associated with acceptable side effects and fewer deaths (King et al., 2014; Meyer and Decker, 2017). Pirfenidone was investigated at the National Institutes of Health (NIH) Clinical Center as a treatment for HPS-PF (O’Brien et al., 2011; O’Brien et al., 2018; Gahl et al., 2002). An initial trial investigated the drug for mild to moderate HPS-PF patients. However, the study was terminated due to futility (Gahl et al., 2002). A subsequent study showed that subjects with an initial forced vital capacity (FVC) between 50 and 75% who received pirfenidone lost forced vital capacity at a slower rate than those in the placebo group. Yet, the entire data showed no significant difference between the pirfenidone and placebo groups (Gahl et al., 2002; O’Brien et al., 2018). The results of these trials are inconclusive if pirfenidone is a beneficial treatment for HPS-PF patients. While this study did not provide sufficient data whether pirfenidone is advantageous in treatment for HPS-PF, it offered evidence about the safety of pirfenidone in patient with mild to moderate HPS-PF. Patients experienced comparatively few and mild side effects such as photosensitivity rash which was treatable and conceivably an elevated creatine phosphokinase. Continued long-term study follow-up is important to inform clinical practice and to demonstrate the efficacy and safety of pirfenidone, as pulmonary fibrosis patents are expected to receive prolonged treatment with pirfenidone. Accordingly, a more recent study followed three HPS-PF patients with open-label pirfenidone for 12.8, 8.4, or 18.1 years (mean of 13.1± 2.8 years), and twenty-one historical controls randomized to placebo (O’Brien et al., 2018). Changes in the rate of decline of FVC and the diffusing capacity for carbon monoxide (DLCO) in response to prolonged treatment with pirfenidone was various in these 3 patients. Overall, long-term pirfenidone treatment demonstrated positive improvement in the results of serial pulmonary function tests and HRCT scans in 2 out of 3 patients. Moreover, all patients who shifted from placebo to open-label pirfenidone experienced positive changes in the rate of FVC and DLCO. In terms of pirfenidone treatment safety, all 3 patients had normal levels of aspartate aminotransferase and normal blood test results at their final evaluation except for low serum potassium level and high platelet count in 2 different patients. The results of this study demonstrated favorable clinical outcome with few manageable adverse effects on HPS-PF patients that were treated with pirfenidone for several years. These results suggest that the drug can be considered on a case-by-case basis for HPS-PF patients. Multiple clinical trials are investigating single drug therapy for pulmonary fibrosis and have been unsuccessful. For that reason, pulmonary fibrosis may need to be treated with a multidrug regimen to target cellular and molecular pathways that contribute to fibrosis.
Lung Transplantation
Lung transplantation remains the only available therapy for patients with HPS-PF. HPS-PF patients should be referred for lung transplant evaluation in the early stages of the disease (El-Chemaly et al., 2018a). The bleeding diathesis associated with HPS is not a major impediment to perform surgery in HPS patients, although it can be a potential contraindication because of the tendency to bleed due to deficiency of platelet dense bodies (El-Chemaly et al., 2018b). Successful lung transplants have been performed in individuals with HPS-1 despite the risks of bleeding (El-Chemaly and Young, 2016). The bleeding diathesis is usually treated with desmopressin or platelet transfusions. In Puerto Rico, centers with capabilities in lung transplantation are not available. For this reason, connections with centers for lung transplantation in the United States are important because this is the only available therapy for patients with HPS-PF (Vicary et al., 2016).
PATHOGENESIS OF PULMONARY FIBROSIS
The pathogenesis of HSP-PF is unknown. To date, there are promising clinical studies investigating the pathogenesis of PF in HPS patients. However, these studies are limited by the availability of HPS lung tissue due to the disease rarity and the dangers of lung transplantation caused by bleeding diathesis (El-Chemaly et al., 2018a). For that reason, researchers have used murine models since they share many aspects with the human disease. In both human and mice, the disease affects the biosynthesis of the related organelles: melanosomes, lysosomes, and platelet dense granules (Swank et al., 2000). Thus, researchers can easily assess cells and tissues from various HPS mouse models, and perform genetic and pathological manipulations. In addition to a limited number of clinical studies profiling immune cell dysregulation in HPS patients, current understandings of the pathogenesis of HPS-PF are largely based on examining cellular and molecular pathways involved using HPS mice and bleomycin-induced lung fibrosis as experimental models.
Cellular Pathways
Epithelial Cell Stress and Apoptosis
The pulmonary alveolar epithelium is mainly composed of two types of epithelial cells: alveolar type I (AT1) and AT2 cells. AT1 cells are large squamous cells that cover 95% of the alveolar surface area and are essential for the air-blood barrier functions of lungs. AT2 cells are smaller and cuboidal cells known for their functions in synthesizing and secreting pulmonary surfactant (Wang et al., 2018). Murine models and lung pathology specimens have provided insights into the role of lung epithelium in the pathogenesis of PF. In HPS patients, features of HPS-PF include the apoptosis and dysfunction of AT2 epithelial cells (Figure 2), which appear foamy because of the formation of giant lamellar bodies (Nakatani et al., 2000). Studies have shown that pale-ear mice (with spontaneous HPS1 mutation) develop giant lamellar bodies in AT2 epithelial cells at baseline and after bleomycin challenge (Tang et al., 2005; Young et al., 2007). Additionally, investigations using HPS1/2 double mutant mice demonstrated abnormal intracellular accumulation of surfactant proteins in AT2 cells. Such surfactant accumulation can lead to the production of Cathepsin D, a lysosomal stress protease, and subsequent expression of the pro-apoptotic endoplasmic reticulum (ER) stress factor CHOP and its transcription factor ATF4, to induce apoptosis. The combined lysosomal and ER stress in AT2 epithelial cells results in significant AT2 epithelial cell apoptosis, airspace enlargement, fibroblast proliferation, and spontaneous lung fibrosis in HPS1/2 double mutant mice (Mahavadi et al., 2010). In fact, Bone marrow transplantation experiments demonstrate that, in various HPS mouse models, susceptibility to bleomycin-induced fibrosis is determined by the threshold of AT2 epithelial cell apoptosis, indicating the critical role for lung epithelial cells in the regulation of immune activation and subsequent fibroproliferative remodeling processes (Zoz et al., 2011; Young et al., 2012).
[image: Figure 2]FIGURE 2 | Cellular pathways for the development of lung fibrosis in HPS. Created with BioRender.com.
Alveolar Epithelial Cell/Macrophage Interaction
The mechanisms linking AEC dysfunction and fibrotic remodeling, specifically the interactions between epithelial dysfunction, alveolar macrophage activation, and ultimately fibroblast proliferation and differentiation, are understudied in the context of HPS-PF (Zoz et al., 2011; Young et al., 2012). There is strong evidence that macrophage-mediated inflammation contributes to the development of PF in HPS in patients (Rouhani et al., 2009). The authors found a significantly higher concentration of total bronchoalveolar lavage cells and alveolar macrophages in HPS-PF patients. The alveolar macrophage activation and lung inflammation in HPS patients are associated with high lung concentrations of cytokines and chemokines such as monocyte chemoattractant protein-1 (MCP-1), macrophage inflammatory protein-1α, and granulocyte-macrophage colony-stimulation factor) (Rouhani et al., 2009). This provide evidence that alveolar macrophage dysfuction may contribute to the PF in HPS-1 patients. Using the pearl-ear mouse model of HPS-2, Young et al. found HPS alveolar macrophages are hyperresponsive to TNF-α and LPS stimulation (Young et al., 2006). In a follow-up study, the authors found that an increase of macrophages in the lungs of HPS mice was associated with excessive MCP-1 production from AECs, and that blocking MCP-1/CCR2 signaling eliminated the increased macrophage recruitment in the lung while also reducing excess fibrotic responses. Lung macrophages activated by MCP-1 produce TGF-β, which promotes fibrosis through activation and differentiation of fibroblast cells (Young et al., 2016). These studies highlight that increased MCP-1 production by dysfunctional AECs results in recruitment and activation of TGF-β-producing macrophages, and epithelial-macrophage interactions stimulate fibrotic remodeling.
Lymphocytes
In addition to alveolar macrophages, lymphocyte populations may also contribute to the overall increased total bronchoalveolar lavage cell in HPS-1 patients (Rouhani et al., 2009). Studies using peripheral blood samples from HPS patients have shown that levels of CD38 + memory CD27-B cells, IgA + memory CD27+ B-cells, IgM+ and IgD + B cells, and CD39 + T helper cells were increased, and that CD39-T helper cells was reduced in HPS-PF when compared with unaffected controls (El-Chemaly et al., 2018a). Interesting, B cell abnormalities have been identified in other fibrotic diseases such as IPF, which has been found to be related to disease progression (Xue et al., 2013). In HPS-PF, it was discovered that high peripheral blood concentrations of activated T-cell and B-cell populations are associated with altered leptin and inflammatory cytokine levels (Figure 2; El-Chemaly et al., 2018a). Leptin can activate human B cells to induce synthesis and secretion of cytokines that are critical in the regulation of immune activation, such as IL-6, IL-10, and TNF-α (Agrawal et al., 2011). Leptin can also stimulate the proliferation and activation of both CD4 and CD8 T cells (Martin-Romero et al., 2000). Taken together, these studies suggest that the activation of T-cells and B-cells is a critical feature of HPS-PF. Additional studies in animal models are required to investigate the role of leptin in the regulation of lymphocyte activation in the pathogenesis of HPS-PF.
Mast Cells
Mast cells have been known to be present in patients with PF and they present signs of on-going degranulation (Kawanami et al., 1979). Recent studies suggest that mast cells may drive fibrotic responses to lung injury by stimulating fibroblasts proliferation and ECM production in IPF (Wygrecka et al., 2013). In HPS-1 patients, in situ study showed that HPS-1 mast cells contained abnormalities in mast cell granules, which are also classified as LROs (Kirshenbaum et al., 2016). In vitro experiments of derived HPS mast cells showed a reduction of CD117 and FcεRI expression, and increased expression of CD63 and CD203c. A reduction of granule formation was verified in cell line derived from one HPS-1 patient, along with increased release of IL-6, IL-8, fibronectin-1 and Gal-3 (Kirshenbaum et al., 2016). Interestingly, these proteins are known to participate in HPS-PF and are also produced by fibroblast (Cullinane et al., 2014) and endothelial cells (Kusuma et al.. 2012). The results showed that HPS-1 mutated mast cells have abnormal granule formation, cell activation, release of cytokines, and potentially affect synthesis of matrix deposition. Similar to the lymphocyte population, future work in animal models are required to establish a direct role of mast cells in the pathogenesis of HPS-PF.
Fibrocytes
Fibrocytes are circulating bone marrow-derived progenitor cells, and are of interest for the study of fibrotic disorders. Fibrocytes are positive for CD45, and express extracellular matrix proteins such as vimentin, fibronectin, and collagen I and III (Trimble et al., 2014). They are found in injured tissues, and can serve as an important source of myofibroblasts (Keeley et al., 2010). Studies have demonstrated the presence of an increased number of fibrocytes in the circulation of IPF patients that are known to have fibroblast activation and macrophage inflammation (Reilkoff et al., 2011). Expanded pool of fibrocytes are found in the peripheral blood of IPF patients (Mehrad et al., 2007; Andersson-Sjoland et al., 2008) and is an independent predictor of mortality (Moeller et al., 2009). In individuals with HPS, levels of circulating CXCR4-positive fibrocytes in peripheral blood were markedly elevated in comparison with subjects without lung disease and normal controls. Longitudinally, these elevations correlated with subsequent death from progressive lung disease (Trimble et al., 2014). The results suggest that circulating fibrocytes may be an important source of myofibroblasts, and a potential biomarker of prognosis in HPS-PF.
Molecular Pathways
Chitinase-3-like-1 and its Receptors
The glycoside hydrolase 18 (GH18) family is an ancient gene family which contains true chitinases that enzymatically cleave chitin and chitinase-like proteins. GH18 is widely expressed in archea, prokaryotes and eukaryotes (Funkhouser and Aronson, 2007). In mammals, endogenous chitin does not exist. However, chitinases and chitiase-like proteins (including CHI3L1) are expressed at high levels in the lungs (Bussink et al., 2007; Zhou et al., 2014). The dysregulation of CHI3L1 is associated with the development, severity or progression of many pulmonary diseases, including asthma, COPD and IPF (Sohn et al., 2010; Matsuura et al., 2011; Sakazaki et al., 2011; Zhou et al., 2014; Kang et al., 2015). It is believed that CHI3L1 is a protein that plays a protective role in the lung by decreasing cell death and stimulating fibroproliferative repair (Zhou et al., 2014). In HPS, levels of CHI3L1 are higher in patients with HPS-PF in comparison with patients without pulmonary fibrosis, where higher levels are associated with greater disease severity. Using murine models, Zhou et al. found that the animals with BLOC-3 mutation have a defect in the ability of CHI3L1 to restrain epithelial cell death, yet CHI3L1 exhibits exaggerated fibroproliferative effects, promoting fibrosis by inducing alternative macrophage activation and fibroblast proliferation (Zhou et al., 2015). The two distinctive features of CHI3L1 are mediated by trafficking of two CHI3LI receptors, IL-13Rα2 and CRTH2. The increase of apoptosis results from the abnormal localization of IL-13Rα2, which is caused by the dysfunction of BLOC-3. Fibrotic effects were caused by interactions between CHI3L1 and CRTH2 receptors which traffic normally (Zhou et al., 2015). These studies suggest that CHI3L1 and its receptors are dysregulated and play critical roles in the generation and progression of lung fibrosis associated with HPS (Figure 3). In addition, these responses are largely mediated by CRTH2, which may serve as a therapeutic target. Multiple clinical trials were designed to assess the effects of CRTH2 antagonism on asthma control. Future studies will be required to explore the possibility of repurposing these small molecular CRTH2 antagonists for HPS-PF treatment.
[image: Figure 3]FIGURE 3 | Molecular pathways for the development of lung fibrosis in HPS. Created with BioRender.com.
Galectin-3 Dysfunction and its Interaction with CHI3LI
Gal-3 is a β-galactoside–binding lectin with pro-fibrotic effects (Young et al., 2006; Cullinane et al., 2014; Li et al., 2014). Gal-3 inhibitor TD139 is safe and well-tolerated, and has been shown to decrease plasma biomarkers associated with IPF progression in a phase I/IIa trial (Hirani et al., 2020). Strong evidence has indicated the role of Gal-3 in the development of HPS-PF. In samples from HPS-1 patients, AT2 cells, alveolar macrophages, and fibroblasts have high levels of Gal-3 expression and intracellular accumulation. It is speculated that the accumulation of Gal-3 in the cells of HPS individuals can be explained by the abnormal trafficking in the endosomal recycling compartment, which can contribute to fibrogenesis in HPS-PF (Cullinane et al., 2014). Consistently, murine studies have found that Gal-3 has increased levels in the extracellular space, traffics abnormally, and accumulates in lung fibroblasts and macrophages. Extracellular Gal-3 stimulates epithelial apoptosis and intracellular Gal-3 enhances fibroblast survival and proliferation as well as myofibroblast and macrophage differentiation. Further studies demonstrate that Gal-3 interfere with CHI3L1 signaling by competing for IL-13Rα2 binding. As a result, Gal-3 diminishes the anti-apoptotic effects of CHI3L1 in epithelial cells while increasing macrophage Wnt/ß-catenin signaling (Zhou et al., 2018). Therefore, Gal-3 contributes to the exaggerated injury and fibroproliferative repair response by altering the anti-apoptotic and fibroproliferative effects of CHI3L1 and its receptors (Figure 3). It can be speculated that Gal-3-based therapies may very well act in an additive or synergistic manner with interventions that augment membrane expression of IL-13Rα2 or block CRTH2. Additional investigations will be required to assess the utility of each of these approaches.
Matrix Metalloproteinases
MMPs are a family of zinc-dependent proteolytic enzymes known for their role in degrading extracellular matrix proteins and activating or inhibiting other effector molecules (Summer et al., 2019; Parks and Shapiro 2001; Greenlee et al., 2007). Activities of various MMPs are known to be dysregulated and linked to the pathogenesis of numerous chronic lung diseases, including asthma, emphysema, cystic fibrosis and IPF (Summer et al., 2019; Cataldo et al., 2000; Chelladurai et al., 2012; Craig et al., 2015; Henry et al., 2002). Recent studies have shown an increase in enzymatic activity of MMP-2 and MMP-9 in lungs of pearl ear HPS-2 mice after bleomycin challenge. Likewise, even at baseline, the amount and level of activity of different MMPs are increased in the lungs and bronchoalveolar fluid of mice carrying the BLOC-3 gene mutations (Figure 3; Summer et al., 2019). However, although MMP activity appears to be increased in the lung of HPS patients, a correlation between MMP activity and disease severity was not observed. More studies investigating the dysregulation of MMPs are necessary to better understand their contribution to the progression of HPS lung disease.
Autophagy
Autophagy is a basic homeostatic mechanism through which a cell can degrade and recycle unnecessary or damaged proteins and organelles via its lysosomes (Eskelinen 2008; Ahuja et al., 2016). Autophagy can be categorized into macroautophagy, microautophagy, and chaperone-mediated autophagy (Mizushima 2007). Macroautophagy is a process involving rearrangement of subcellular membranes to isolate cytoplasm and organelles for delivery to the lysosomal compartment. In HPS-1, melanosome-targeted proteins are localized to membranous complexes. These membranous complexes have similarities to macroautophagosomes, and studies have demonstrated that the membranous complexes of HPS-1 melanocytes are macroautophagosomal representatives of the lysosomal compartment (Smith et al., 2005). Additionally, dysfunctional autophagy has been known to play an important role in the development of numerous pathologies, including lysosomal storage diseases, neurodegenerative diseases and organ-specific diseases, including lung fibrosis (Cataldo et al., 2000; Cao et al., 2006; Komatsu et al., 2006; Pacheco et al., 2007; Settembre et al., 2008; Araya et al., 2013). Recent studies have demonstrated that defective autophagy might result in the excessive lysosomal stress in HPS. Key autophagy proteins, including lipidated LC3B proteins and p62, were increased in HPS1/2 double mutant murine models (Ahuja et al., 2016). LC3B preferentially binds to the interior of lamellar bodies in the AT2 epithelial cells of HPS murine models, but not on the membrane of lamellar bodies, leading to deficient autophagy and pro-apoptotic caspase activation (Ahuja et al., 2016). These studies added to the body of literature on AT2 cell apoptosis that loss of HPS-1 protein results in impaired autophagy, which contributes to lamellar body degeneration and AT2 epithelial apoptosis, and defective autophagy might therefore play a critical role in the initiation and development of HPS-PF (Figure 3).
NEW MODELS AND APPROACHES TO STUDY HPS-PF
Lentiviral-Mediated Gene Transfer
Therapies targeting the cellular and molecular pathways in the diseases are usually life-long treatments. For autosomal recessive genetic diseases, efforts to develop gene therapy began soon after the genetic mutations are discovered. For example, patients with Cystic Fibrosis were treated with an adenoviral vector carrying a CFTR expression cassette (Zabner et al., 1993). Lentiviral vectors are known to be able to integrate into the host genome while display low immunogenicity, ensuring persistent gene correction and safety (Sinn et al., 2008; Stocker et al., 2009). Thus, genetic correction of HPS mutations using lentiviral approaches can provide an alternative therapeutic option. Studies have demonstrated that lentiviral-mediated gene transfer corrects expression of the HPS1 gene in melanocytes, restores BLOC-3 function, and corrects pigmentation in these cells (Ikawa et al., 2015). The development of lentiviral vectors which transduce lung tissue efficiently have opened up room for development of gene therapy for HPS-PF and other clinical manifestations of HPS in general. However, how to target lung AT2 epithelial cells specifically and efficiently in the lung requires future research before gene therapy can be considered for potential use in correcting BLOC-3 mutations in patients.
Pluripotent Stem Cell-Derived Alveolar Organoids and 3D Models
Generating in vitro models of AT2 cells to study lung diseases has been difficult due to the poor accessibility and the difficulty of isolating and culturing primary AT2 cells. For that reason, methods of generating and expanding AT2 cell organoids from iPSCs have been established and utilized as a model for various lung diseases (Gotoh et al., 2014; Yamamoto et al., 2017). Using similar approaches, a recent study has created disease-specific iPSCs and gene-corrected counterparts from a HPS-2 patient. Live cell imaging showed altered distribution of lamellar bodies with enlargement, and impaired surfactant protein secretion in HPS-2-iPSC-derived AT2 cells (Korogi et al., 2019). These findings demonstrate the benefits of using human iPSC-derived AT2 cellular models for future research on the alveolar lung diseases.
Additional efforts have been devoted to the development of iPSC-derived three dimensions (3D) multi-cellular organoid models. Chen et al. were able to develop lung bud organoids (LBOs) that contain multiple cell types and develop into branching airway and early alveolar structures similar to developing lung buds in vivo (Chen et al., 2017). The authors then introduced various HPS mutations, and found fibrotic changes characterized by cells with increased expression of collagen genes, fibronectin, and mesenchymal markers (Chen et al., 2017; Strikoudis et al., 2019). Genome-wide expression analysis revealed an upregulation of interleukin-11 (IL-11) in the epithelial cells of HPS mutant fibrotic organoids. Additionally, IL-11 induced fibrosis in wildtype (WT) organoids, while its deletion prevented fibrosis in HPS4 mutated organoids, suggesting IL-11 as a potential therapeutic target (Strikoudis et al., 2019). Human pluripotent stem cell (hPSC)-derived 3D lung organoids have been shown to be a variable resource in modeling fibrotic lung disease that assembles human disease features, and is an innovative strategy allowing the identification of potential novel therapeutic targets.
CRISPR-Cas9 Approaches for Gene Editing
Studies have shown that CRISPR/Cas9 gene editing can generate small mutations in a site-directed manner leading to permanent gene inactivation in a variety of cell types (Doudna and Charpentier, 2014). In HPS, as discussed in previous sections, AT2 epithelial cells in BLOC-3 and AP-3-related HPS subtypes are believed to be dysfunctional, and the sensitivity of AT2 epithelial cells to stress-induced apoptosis may determine subsequent susceptibility to lung fibrosis. Using a mouse AT2 cell line MLE-15, Kook et al. succesfully used CRISPR/Cas9 gene editing approaches to generate a series of cell lines bearing HPS-specific mutations. The authors found increased expression of MCP-1, previously reported as the central mediator of macrophage activation in HPS patients and mouse models, in MLE-15/HPS-1 and MLE-15/HPS-2 cell lines. It is interesting to note that higher MCP-1 expression was also found in MLE-15/HPS-9 cells, suggesting BLOC-1 mutations may also cause inflammatory macrophage infiltration (Kook et al., 2018). The MLE-15/HPS cells replicate known characteristics of primary HPS AT2 epithelial cells, providing an alternative and permanent platform for the studies of AT2 cellular pathophysiology that could accelerate progress toward developing novel therapies.
In addition to the nonhomologous end joining mechanism that CRISPR-Cas9 system uses to generate microinsertions or microdeletions, it has also been programmed to correct disease-causing genetic mutations. A recent study shows that microduplications, such as that found in HPS-1 patients of Peurto Rico origins, can be efficiently corrected simply by generating a double-strand break (DSB). Streptococcus pyogenes Cas9 (SpyCas9) was used to generate a DSB in HPS-1 patient-derived B lymphocytes near the center of the 16 bp duplication that is responsible for the mutation. It is discovered that efficient genotypic correction was observed by the microhomology-mediated end joining pathway (Iyer et al., 2019). This approach has provided proof-of-concept for the use of gene editing in future HPS treatment.
CONCLUSION
Although the direct link between HPS gene mutations and lung pathobiology is unclear at present, significant advances in identifying the cellular and molecular pathways affected by HPS genetic mutations have been identified. AT2 epithelial cell apoptosis and dysfunction, which may be attributed to giant lamellar body formation, surfactant accumulation, and severe lysosomal and ER stress, are believed to be the initiating step for epithelial cell injury and subsequent lung fibrosis. Immune cell activation such as T and B cells, mast cells, and macrophages can promote fibroblast accumulation and myofibroblast differentiation that are responsible for the excessive deposition in extracellular matrices and lung architecture destruction (King et al., 2011). In lung fibrosis, myofibroblasts may also be derived from circulating fibrocytes originated from bone marrow progenitors, from transdifferentiation of epithelial cells through epithelial-mesenchymal transition (EMT) or from transdifferentiation of endothelial cells through endothelial mesenchymal transition (EndoMT) (Phan 2012). Further studies will be required to evaluate the possible involvements of EMT and EndoMT as sources of myofibroblasts in HPS-PF (Franks et al., 2008; Hashimoto et al., 2010).
In vitro studies of tissues, peripheral blood cells, and bronchoalveolar lavage fluid from patients along with in vivo studies using murine models have been useful for studying the potentially intervenable biological pathways of HPS. Research on the involvement of CHI3L1 and its receptors, its interaction with Gal-3, and the activation of MMPs, as well as defective autophagy pathways have shown promising preliminary results that guide the progress needed to identify biomarkers and therapeutic targets. Gene transfer and editing approaches have potential to be a major alternative therapeutic strategy, but delivering the genes specifically and efficiently to lung epithelium remains the biggest hurdle. Future research is required to evaluate emerging cellular and molecular mechanisms in the development of HPS-PF. Extracellular vesicles (EVs) released by alveolar epithelial cells, lung fibroblast and endothelial cells are indicated in the pathogenesis of IPF (Bagnato and Harari, 2015; Bartel et al., 2020; Ibrahim et al., 2021). They drive lung fibroproliferative processes through activation of pro-fibrotic signaling pathways such as TGF-β signaling, Wnt and cellular senescence (Schafer et al., 2017; Martin-Medina et al., 2018; Barnes et al., 2019; Chanda et al., 2019; Parimon et al., 2019; Reyfman et al., 2019; Adams et al., 2020). Novel cellular models such as alveolar organoid and gene-edited epithelial cells will be valuable resources to examine the role of EVs in HPS-PF.
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Atopic dermatitis (AD) is a common inflammatory skin disease. Staphylococcus aureus (S. aureus) colonization in skin lesions occurs in approximately 70% of AD patients. It has been found that IFN-λ1 can inhibit the colonization of S. aureus in normal human nasal mucosa. IFN-λ1 can increase IL-28RA in infected human keratinocytes. In this study, we found that IFN-λ1 can increase mRNA expression of FLG and antimicrobial peptides (AMPs) and inhibit TSLP mRNA expression in infected human keratinocytes. IFN-λ1 can increase intracellular ROS level, decrease STAT1 phosphorylation, and inhibit the colonization of S. aureus in human primary keratinocytes. These effects were attenuated by knocking-down IL-28R and NADPH oxidase inhibitor, suggesting that this function was mediated by JAK-STAT1 signaling pathway. These results suggest that IFN-λ1 might have an inhibitory effect on S. aureus colonization in AD lesions. Our findings might have potential value in the treatment for AD.
Keywords: interferon-lambda 1, Staphylococcus aureus, atopic dermatitis, keratinocyte, reactive oxygen species, signal transducerand activator of transcription 1
INTRODUCTION
Atopic dermatitis is a common inflammatory skin disorder. The prevalence of AD is approximately 30% in children and 10% in adults (Bin et al., 2014; Langan et al., 2020). AD is characterized by eczematous lesions with severe itching and often associated with allergic rhino-conjunctivitis, food allergy and asthma (Alduraywish et al., 2016; Matsumoto et al., 2020). Skin barrier defect, immune dysregulation, environmental factors and microbial dysbiosis contribute to the pathogenesis of AD (Orfali et al., 2019; Ahn et al., 2020). AD is a type 2 inflammatory disease, with increased Th2 cytokine levels, such as interleukin (IL)-4, IL-5, and IL-13 (Eyerich and Novak, 2013). In the acute phase, Th2 and Th22 responses are amplified. In the chronic phase, however, Th1 and Th17 are also activated (Weidinger and Novak, 2016). Increased Staphylococcusaureus skin colonization is another hallmark of AD, which is often associated with disease severity and exacerbation (Byrd et al., 2017; Tay et al., 2020). Specific immunoglobulin E against S. aureus enterotoxin (SE-IgE) has been found in AD patients (Motala et al., 1986). S. aureus was found in approximately 70% AD lesions and 39% non-lesional skin (Totte et al., 2016). It has been reported that S. aureus can impair barrier function, inhibit antimicrobial peptides (AMP) production, and promote viral loads of HSV-1 and Th2 response (Bin et al., 2012; Geoghegan et al., 2018). Impairment of bacterial clearance might exacerbate the inflammation.
Interferon- lambda (IFN-λ) is a novel type III IFNs, including IFN-λ1 (also known as interleukin (IL)-29), IFN-λ2 (IL-28A), IFN-λ3 (IL-28B) and IFN-λ4 in humans (Broggi et al., 2020). Both type III and type I IFNs (α/β) have antiviral function. Moreover, the type III IFNs are members of the IL-10 related cytokine family (Kotenko et al., 2003; Lazear et al., 2015). IFN-λ has a different conformation from type I IFNs (α/β) and interacts with a heterodimeric receptor (IFN-λR) composed of a unique ligand-binding chain IL-28 receptor A (IL-28RA) and an accessory chain, IL-10 receptor B (IL-10RB), which is shared with the IL-10 receptor and other IL-10-related cytokine receptors (Kotenko et al., 2003). After binding to its receptor, IFN-λ1 activated the Janus kinase-signal transducer and activator of transcription (JAK-STAT) signaling pathway (Sheppard et al., 2003; Zitzmann et al., 2006; Maher et al., 2008). The predominant expression of IFN-λR on respiratory and gastrointestinal epithelial cells (Sommereyns et al., 2008; Banos-Lara Mdel et al., 2015), keratinocytes (KCs) (Witte et al., 2009) and hepatocytes (Marukian et al., 2011) allows strong antiviral effects at local barrier sites without activating a systemic proinflammatory immune response.
IFN-λs have vital functions in defensing against colonization of gram-positive bacteria on epithelial tissues and nasal tissues (Bierne et al., 2012; Lan et al., 2019). Compared with IL-28R-/- mutant mice, the S. aureus colonization of wild-type mice had increased after nasal infection with influenza virus, indicating that IL-28R was involved in the colonization of S. aureus (Planet et al., 2016). IFN-λ1 was found in the nasal tissue of patients associated with chronic rhinosinusitis with nasal polyps after S. aureus infection. However, the antibacterial role was only found in healthy tissue (Lan et al., 2019). The anti-bacterial effect of IFN-λ has been studied in nasal mucosa tissue of IL-28R-/- mouse model and in human nasal tissue. Little is known about the role of IFN-λ in skin S. aureus infection. We used human keratinocyte-S. aureus infection model to study the role of IFN-λ1 in the immune response to S. aureus skin infection. We evaluated the number of S. aureus colony forming units (CFU) and ROS expression in keratinocytes in the presence of IFN-λ1, attempting to elucidate the possible mechanism of anti-bacterial effects of IFN-λ1.
MATERIALS AND METHODS
Keratinocyte Culture
Human primary keratinocytes were cultured in keratinocyte culture medium (KCM) (CELLnTEC, CnT-07, Swiss) containing 100 U/ml (penicillin)-100 µg⁄ml (streptomycin) (Invitrogen, 15070063, United States) and 10 µg⁄ml (gentamicin)-250 ng⁄ml (amphotericin B) (Invitrogen, R01510, United States) in a humidified atmosphere of 5% CO2 and 37°C. When keratinocytes reached 80% confluency, the culture media were changed to antibiotic-free medium for subsequent experiments.
Keratinocytes were fixed with 4% paraformaldehyde for 15 min at room temperature, then permeabilized with 0.1% Triton X-100. Anti-Cytokertin 5 antibody (1:100, Abcam, ab52635, United Kingdom) and anti-Cytokertin 10 antibody (1:150, Abcam, ab76318, United Kingdom) were applied to keratinocytes and incubated for 1 h. After 3 times washing, goat anti-rabbit IgG (H + L)-CoraLite594 (red) (1:500, Proteintech, SA00013-4, United States) was applied. Images were captured on fluorescence microscope (Leica, DMi8, Germany). DAPI (blue) was used for nuclear counterstain (Supplementary Figure S1).
Cell Proliferation Assay
The effect of IFN-λ1 to keratinocyte proliferation was measured by Cell Counting kit (CCK-8) assay. Keratinocytes were seeded in a 96-well plate (about 3 × 103 cells per well). After 24 h incubation, IFN-λ1 at the concentrations of 1 ng/ml, 10 ng/ml and 100 ng/ml (Pereprotech, AF-300-02L, United States) were added to the culture media. 10 μl of TransDetect® Cell Counting Kit (CCK) (Transgen, FC101-01, China) was added to each well at the time of 0, 24, 48, and 72 h, respectively. After 1 h incubation, the absorbance at 450 nm was measured by the Multiskan™ FC Microplate Photometer (Thermo Scientific, 51119180, Belgium). Cell colony formation assay was also performed to verify the effect of IFN-λ1 on keratinocyte proliferation. Keratinocytes were planted to 6-well plate at 2,000 cells each well and cultured with various concentration of IFN-λ1 for 15 days. Phosphate buffered saline containing 5% trehalose (5% trehalose-PBS) (MultiSciences, 79-PD0021, China) was used as negative control. After 15 days culture, the cells were fixed with formaldehyde, stained with 0.1% crystal violet, washed with 33% glacial acetic acid and measured with a Multiskan FC microplate photometer (Thermo Scientific, 51119180, Belgium).
Knockdown of Protein Expression by siRNA Transfection
Three human IL-28RA siRNAs and negative control siRNA were purchased from GenePharma (Figure. S4A). According to the manufacturer’s protocol, negative control siRNA (siNC), IL28RA-1 siRNA (siIL28RA-1), IL28RA-2 siRNA (siIL28RA-2), and IL28RA-3 siRNA (siIL28RA-3) were transfected into keratinocytes using Lipofectamine 3000 Transfection Reagent (Invitrogen, L3000015, United States). After 72 h culture, the cells were harvested for subsequent experiments. Quantitative real-time PCR (qPCR) was used to detect the mRNA level of IL-28RA and western blotting was used to detect the protein level of IL-28RA.
Preparation of Staphylococcus aureus
Staphylococcus aureus strain was donated by department of laboratory, Peking University People's Hospital, which was isolated from AD eczematous skin lesions. S. aureus were grown in 10% sodium chloride tryptone soy broth (TSB) (Solarbio, LA3750, China) medium for 16–18 h at 37°C under agitation (120 rpm) and collected by centrifugation at 2000 rpm for 10 min at room temperature. After washing three times, S. aureus were resuspended in PBS (Gibco, 10010049, United States). The concentration of bacteria was measured by the Multiskan™ FC Microplate Photometer at 600 nm wavelength and diluted properly before infection experiment. The bacteria samples were planted onto the mannitol salt agar (MSA) plate (Solarbio, LA 1980, China) for 24 h at 37°C (Supplementary Figure S2A). The 16s rRNA, femA, and mecA were measured by multiplex PCR with the EmeraldAmp® PCR Master Mix (Supplementary Figure S2B). The primer sequences used in the multiplex PCRs were described in Supplementary Table S1. The sequencing of PCR products was performed by Sangon Biotech (Shanghai, China), and the resulting sequences were compared with S. aureus strains in Genebank by using the BLAST online program on the NCBI website (Supplementary Figure S3).
Keratinocyte Infection Model
Human primary keratinocytes were planted into the 6-well plate and incubated with IFN-λ1 (1 ng/ml, 10 ng/ml and 100 ng/ml) or 5% trehalose-PBS as control for 24 h. S. aureus were added to keratinocyte culture at the ratio of 30:1 (bacteria: keratinocytes) and incubated for 3 h (infection model). Keratinocytes without S. aureus infection were also incubated in the presence of IFN-λ (non-infection model). After incubation, the infected keratinocytes and non-infected keratinocytes were used for qPCR and western blotting.
In order to study the role of IFN-λ1 in elimination of S. aureus, keratinocytes were treated with siIL28RA-1 for 48 h or 10 μM NADPH oxidase inhibitor diphenyleneiodonium chloride (DPI) (APO × BIO, B6326, United States) for 1 h. IFN-λ1 10 ng/ml were then added to culture media and incubated for 24 h before S. aureus infection. The keratinocyte lysates were collected for detection of STAT1 phosphorylation. The intracellular ROS expression was measured by flow cytometry and fluorescence microscopy. The colony forming unit (CFU) was also evaluated.
Quantitative Real-Time PCR
Total RNA was extracted from keratinocytes by using the total RNA isolation kit (Beibei Biotechnology, 082001, China) and was reverse-transcribed by using the TransScript® All-in-one first-strand cDNA synthesis superMix for qPCR kit (Transgen, AT341, China). The mRNA expression of IFN-λ1, IL-28RA, IL-10RB, involucrin (IVL), filaggrin (FLG), thymic stromal lymphopoietin (TSLP), human antimicrobial β-defensin (hBD) 1, hBD2, hBD3, S100 calcium binding protein A7 (S100A7), S100A8 and S100A9 was measured by qPCR, using SYBR® Premix Ex Taq™ II (Takara, RR820A, Japan) on the LightCycler 480 Instrument II (Roche Applied Science, Germany). All primers were listed in Supplementary Table S2. The housekeeping genes (GAPDH and β-actin) were used to normalize transcription and amplification variations among the samples. All primers were purchased from Sangon Biotech (Shanghai, China). Relative expression ratio was calculated using the comparative threshold cycle (Ct) and 2−ΔΔCt method. All experiments were performed in triplicate.
Western Blotting
The treated keratinocytes were lyzed with RAPI buffer (New Cell & Molecular Biotech, WB3100, China) containing proteinase and phosphatase inhibitor cocktail (Beyotime Biotechnology, P1045, China). Protein of each sample was separated by 10% SDS-PAGE (Biotides Biotech, WB2102, China) and transferred to polyvinylidene fluoride membranes (EMD Millipore, ISEQ00010, United States). The primary antibodies for western blotting included anti-STAT1 (1:1,000, CST, 14995, United States), anti-phospho-STAT1 (Tyr701) (1:1,000, CST, 9167, United States) and anti-IL-28R antibody (1:750, Abcam, ab224395, United Kingdom). The blots were then incubated with anti-rabbit IgG, HRP-linked antibody (1:3,000, CST, 7074, United States). The specific bands were observed by Tanon Imaging System (Tanon, China) with Immobilon Western Chemiluminescent HRP Substrate (Millipore, WBKLS0500, United States). The band intensity was calculated by ImageJ software (National Institutes of Health, Bethesda, MD) compared with GAPDH (1:10,000, Proteintech, 60004-1-lg, United States). The secondary antibody for GAPDH was Goat Anti-Mouse IgG H&L (HRP) (1:9,000, Abcam, ab6789, United Kingdom).
Cell Apoptosis Assay
Cell apoptosis was measured by TransDetect® Annexin V-FITC/PI Cell Apoptosis Detection Kit (Transgen, FA101, China). After treatment with various concentrations of IFN-λ1 for 24 h and infected by S. aureus, keratinocytes (2 × 105 cells) were harvested, resuspended in 100 μl one x Annexin V binding buffer and incubated with 5 μl Annexin V-FITC and 5 μl propidium iodide (PI) for 15 min in the dark at room temperature. The samples were detected by a Beckman Coulter FC500 cytometer immediately, and the FlowJo software version 10.4 (BD, United States) was used for data analysis.
Measurement of Intracellular ROS Levels
Intracellular ROS levels were measured by Reactive Oxygen Species Assay Kit (Beyotime Biotechnology, S0033S, China). Intracellular ROS is able to oxidize 2′,7′-dichlorofluorescein-diacetate (DCFH-DA) to fluorescent dichlorofluorescein (DCF) to quantify the level of ROS. The keratinocytes were planted to 6-well plates and incubated with DCFH-DA at 37°C for 20 min. The cells were washed three times with Dulbecco’s phosphate buffered saline (DPBS) (Gibco, 14190144, United States). The fluorescence signal intensity and the percentages of positive probe were measured by a Beckman Coulter FC500 cytometer (Beckman, United States) and observed by fluorescence microscope (Leica, DMi8, Germany).
Colony Formation Assay
For colony formation assay, the infected keratinocytes were harvested and washed three times with DPBS. Each sample was added with 1 ml of cold sterile water and placed on ice for 30 min allowing intracellular S. aureus to release. Diluent cell lysate was inoculated on MSA plate at 37°C for 24 h. The number of CFU was counted by counting the number of bacterial communities. The experiment was repeated at least three times.
Statistical Analyses
All data were analyzed by SPSS Statistics 26.0 software (IBM, United States) and GraphPad Prism software (GraphPad Software, CA). Copmarison to statistical analysis was conducted using one-way ANOVA or LSD test and p < 0.05 was considered statistically significant.
RESULTS
IFN-λ1 can Increase IL-28RA Expression in Keratinocytes Upon Staphylococcus aureus-Infection
To illustrate whether IFN-λ1 treatment could stimulate endogenous IFN-λ1 secretion, we studied the expression of IFN-λ1 and IL-28R (IL-28RA and IL-10RB) by qPCR and IL-28RA by western blotting. The keratinocytes were pretreated with IFN-λ1 for 24 h, followed by S. aureus infection. Low concentration of IFN-λ1 (1 ng/ml and 10 ng/ml) treatment significantly enhanced IL-28RA mRNA and protein expression in infected keratinocytes (p < 0.05), while high concentration of IFN-λ1 (100 ng/ml) showed no effect (Figures 1A,B). The endogenous IFN-λ1 and the accessory chain (IL-10RB) mRNA expression remained unchanged (Figure 1A).
[image: Figure 1]FIGURE 1 | Effects of IFN-λ1 on IL-28RA expression in S. aureus infected human keratinocytes. (A) Effects of IFN-λ1 on mRNA expression of endogenous IFN-λ1, IL-28RA and IL-10RB. (B,C) Effects of IFN-λ1 on IL-28RA production. Human keratinocytes were treated by various concentrations of IFN-λ1 (1 ng/ml, 10 ng/ml and 100 ng/ml). KCM, keratinocyte culture medium; SA, S. aureus. Data are means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. SA).
IFN-λ1 Induces FLG Gene Expression and Inhibits TSLP in Human Keratinocytes During Staphylococcus aureus Infection
FLG and IVL gene expression were evaluated in human keratinocytes. To eliminate the confounding factors irrelevant to keratinocyte proliferation, we performed cell proliferation assay. IFN-λ1 of 1, 10 and 100 ng/ml had no effect on cell proliferation (Figures 2A–C). S. aureus infection induced IVL and FLG mRNA significant downregulation without marked cell death (p < 0.05) (Figures 2D, 3A). In non-infection model, IFN-λ1 100 ng/ml increased IVL mRNA expression (Figure 3A). In infection model, keratinocytes exposed to 10 and 100 ng/ml IFN-λ1 for 24 h induced significant FLG mRNA expression (Figure 3A).
[image: Figure 2]FIGURE 2 | No effect of IFN-λ1 was found on keratinocyte proliferation and apoptosis. (A–C) Result of keratinocyte proliferation assays: (A) CCK-8 assay; (B,C) Colony-formation assay; (D) Results of keratinocyte apoptosis assay. Human keratinocytes were treated by various concentrations of IFN-λ1 (1 ng/ml, 10 ng/ml and 100 ng/ml). KCM, keratinocyte culture medium; SA, S. aureus. Data are means ± SD. (n = 3, *p < 0.05).
[image: Figure 3]FIGURE 3 | Effects of IFN-λ1 on mRNA expression of FLG, IVL, TSLP and antimicrobial peptides in S. aureus infected human keratinocytes. (A) mRNA expression of FLG and IVL; (B) mRNA expression of TSLP; (C) mRNA expression of antimicrobial peptide (hBD1, hBD2, hBD3, S100A7, S100A8, S100A9). The IFN-λ1 concentration was set as 1 ng/ml, 10 ng/ml and 100 ng/ml. KCM, keratinocyte culture medium; SA, S. aureus. Data are means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. TCM; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. SA).
Staphylococcus aureus infection induced significant elevation in TSLP level (p < 0.05) (Figure 3B). Pre-treatment of infected keratinocytes for 24 h with IFN-λ1 significantly inhibited the TSLP level (p < 0.05) (Figure 3B).
IFN-λ1 Enhances Antimicrobial Peptide Expression in Human Primary Keratinocytes Upon Staphylococcus aureus Infection
Keratinocytes were incubated for 24 h with IFN-λ1 prior to S. aureus infection. In the non-infection model, the S100A7 mRNA expression was significantly elevated with increasing IFN-λ1 concentration. S100A8 and S100A9 mRNA expression were increased in 10 ng/ml and 100 ng/ml IFN-λ1 groups. hBD1 mRNA expression was up-regulated by high concentration of IFN-λ1 (100 ng/ml). hBD3 mRNA expression was increased in 10 ng/ml IFN-λ1 group (Figure 3C). A substantial decrease in hBD1 and hBD3 mRNA expression were observed when cells were infected with S. aureus (p < 0.05) (Figure 3C). After infection, hBD1, hBD3 and S100A7 mRNA expression in IFN-λ1 10 ng/ml group were significantly increased. hBD1, S100A7, and S100A8 mRNA expression in IFN-λ1 100 ng/ml group were also significantly increased (p < 0.05) (Figure 3C). hBD2 remained unchanged upon S. aureus in each group (Figure 3C).
IFN-λ1 Inhibits Staphylococcus aureus Colonization via IL-28RA-ROS-JAK-STAT1 Signaling Pathway in Human Primary Keratinocytes
To study the effects of IFN-λ1 on keratinocyte activation, we measured the ROS oxidase level which represents the microbicidal function of keratinocytes. IFN-λ1 (10 ng/ml) induced a substantial increase in IL-28RA expression infected keratinocytes (p < 0.05). IFN-λ1 significantly increased mean fluorescence intensity (MFI) and the percentage of positive probe for intracellular ROS levels, regardless of S. aureus infection (p < 0.05) (Figure 4A; Supplementary Figure S5A). Moreover, IFN-λ1 treatment significantly increased intracellular ROS levels and inhibited the attachment and the penetration of S. aureus (Figure 4C). S. aureus infection alone reduced MFI of ROS (p < 0.05) (Figure 4A). The level of pSTAT1 and STAT1 were significantly elevated by IFN-λ1 treatment regardless of S. aureus infection (p < 0.05) (Figure 5A).
[image: Figure 4]FIGURE 4 | IFN-λ1 promotes ROS release and inhibits S. aureus colonization. (A,B) Effects of IFN-λ1 on ROS expression in human keratinocytes by flow cytometry. (A) NADPH oxidase inhibitor (DPI) blocked ROS expression significantly; (B) Transfection of siIL28RA-1 inhibited ROS expression significantly; (C) Inhibition of S. aureus colonization by IFN-λ1. Keratinocytes infected with S. aureus were lyzed with sterile water. The lysates were plated on mannitol salt agar plates for 24 h. The CFU was counted. ROS, reactive oxidase substrates; KCM, keratinocyte culture medium; SA, S. aureus; DPI, diphenyleneiodionium chloride; siNC, siRNA negative control; siIL28RA-1, IL-28RA1 siRNA; CFU, colony forming units; Data are means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs KCM or KCM + siNC; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. SA or SA + siNC).
[image: Figure 5]FIGURE 5 | IFN-λ1 promote STAT1 phosphorylation in keratinocytes. (A,B) Effects of IFN-λ1 on STAT1 and pSTAT1 level. (A) NADPH oxidase inhibitor (DPI) inhibited pSTAT1 level significantly; (B) Transfection of siIL28RA-1 inhibited pSTAT1 level significantly; KCM, keratinocyte culture medium; SA, S. aureus; DPI, diphenyleneiodionium chloride; siNC, siRNA negative control. Data are means ± SD. (n = 3, *p < 0.05, **p < 0.01, ***p < 0.001 vs. KCM or KCM + siNC; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. SA or SA + siNC).
NADPH oxidase inhibitor (DPI) successfully blocked IFN-λ1-induced antibacterial effects (Figure 4C). The MFI and the percentages of positive probe of ROS were down-regulated (p < 0.05) (Figure 4A, Supplementary Figure S5A). A four-fold decrease in pSTAT1 in keratinocytes was observed in the DPI group, compared to control (Figures 5A,B).
Experiments of transfection showed that siIL28RA-1 had the best knockdown ability and significantly inhibited IL-28RA expression and pSTAT1/STAT1 level in keratinocytes (p < 0.05) (Supplementary Figures S4B,C). The knockdown of IL-28RA inhibited MFI and the percentages of positive probe of ROS without affecting S. aureus colonization (p < 0.05) (Figures 4B,C; Supplementary Figure S5B). A fourteen-fold decrease in pSTAT1 in keratinocytes were observed in siIL28RA-1 transfection group, compared to control (Figure 5B).
DISCUSSION
It is well-established that IFN-λ represent an important frontline defense in barrier epithelia that fights against viral infections (Krug et al., 2020; Galani et al., 2021). Growing evidence has revealed new functions of IFN-λ, such as antibacterial, antifungal, and immunoregulatory functions. The effect of IFN-λ1 on anti-S. aureus infection in the nasal mucosa and anti-Fetoplacental Listeriosis in placenta was also reported (Bierne et al., 2012; Lan et al., 2019). We studied the possible anti-bacterial role of IFN-λ1 in human keratinocytes. We found that IFN-λ1 could enhance the skin barrier gene and APM gene in keratinocytes exposed to S. aureus, keeping in accordance with the bacterial clearance function of the epidermal barrier. IFN-λ1 can also regulate TSLP expression in keratinocytes infected by S. aureus to keratinocytes. Our study also demonstrated that the antimicrobial effects of IFN-λ1 in keratinocytes might be via inhibition of attachment and penetration of S. aureus. In addition, IFN-λ1 enhanced ROS production and STAT1 phosphorylation in keratinocytes irrespective of the presence of S. aureus. IL-28RA knockdown and ROS inhibition significantly inhibited the STAT1 phosphorylation. We hypothesize that IFN-λ1 might perform its anti-bacterial function by 1) restoring the epidermis barrier function and modulating keratinocyte inflammation; 2) inhibiting S. aureus colonization via the IL-28R-ROS-JAK-STAT1 signaling pathway.
Skin is of importance for protecting the body from external microbial invasion and allergen stimulation. Previous studies demonstrated that Th2-type cytokines can promote S. aureus colonization in AD skin due to impaired skin barrier function and reduced production of antimicrobial peptide (Callewaert et al., 2020; Leung et al., 2020). Other studies also suggested that impaired skin barrier contributed to childhood asthma, food allergy, and allergic rhinosinusitis, indicating the importance to restore the skin barrier function in this disease (van den Oord and Sheikh, 2009). The relationship between IFN-λs and epithelial barrier protection in various organs, e.g. respiratory tract, lungs, and gastrointestinal tract had been well-established (Lozhkov et al., 2020; Stanifer et al., 2020). The ex vivo infection model showed that the barrier gene FLG and IVL were generally inhibited in S. aureus infection model. We focused on the barrier repair function of keratinocytes in S. aureus infection model and displayed that IFN-λ1 could promote FLG expression in infected keratinocytes. This finding suggests that IFN-λ1 may play a role in barrier function repairment by upregulating the FLG expression, thereby protecting the epidermis from invasion and colonization of S. aureus.
It is known that Th2-type cytokines (IL-4, IL-5, and IL-13) and epithelial-derived innate type-2 cytokines (TSLP) increased in skin lesions of acute stage of AD (DeVore et al., 2020; Edslev et al., 2020; Langan et al., 2020). TSLP is crucial for regulating the downstream IL-4/IL-13 and Th2 differentiation. In addition, S. aureus inhibited STAT1 phosphorylation and contributed to downregulation of CXCL9 and CXCL10 in monocytes (Li et al., 2017). It has been reported that IFN-λs can inhibit Th2 cytokine production in human peripheral blood mononuclear cells (PBMCs) (Jordan et al., 2007; Srinivas et al., 2008) and stimulate Th1 chemokines (CXCL9, CXCL10 and CXCL11) production in HaCaT cells (Syedbasha and Egli, 2017; Goel et al., 2020). In addition, IFN-λ2/3 can inhibit TSLP secretion in bronchoalveolar lavage fluid of asthmatic mice (Won et al., 2019). Our findings indicate that IFN-λ1 can also inhibt the secretion of TSLP, which might contribute to the alleviation of skin inflammation.
Skin lesions of AD are routinely associated with microbial colonization (S. aureus and HSV). The diminished expression of IFN-λ1 and AMP was found in skin lesions of AD (Ong et al., 2002; de Jongh et al., 2005; Wolk et al., 2013). Bin et al. (Bin et al., 2014) reported that IFN-λ1 was downregulated in HSV-1 infected PBMCs and in culture supernatants of PBMC of eczema herpeticum. This phenomenon was absent in AD patients without eczema herpeticum and in normal controls. We found that IFN-λ1 can affect the AMP expression in keratinocytes infected with S. aureus. We also found the anti-bacterial function of IFN-λ1 was via IL-28R-ROS-JAK-STAT signaling pathway. This was supported by increasing ROS levels and STAT1 phosphorylation in infected keratinocytes by IFN-λ1 treatment.
In conclusion, we found that IFN-λ1 facilitates the clearance of S. aureus in human epidermis keratinocytes through the IL28RA-ROS-JAK-STAT1 pathway. It also impacted the skin barrier gene and AMP secretion, and inhibited TSLP expression. This might contribute to antibacterial function of epidermis keratinocytes and reduction of skin inflammation.
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Coptisine (COP) is a bioactive isoquinoline alkaloid derived from Coptis Chinemsis Franch, which is traditionally applied for the management of colitis. However, the blood concentration of COP was extremely low, and its gut microbiota-mediated metabolites were thought to contribute to its prominent bioactivities. To comparatively elucidate the protective effect and underlying mechanism of COP and its novel gut microbiota metabolite (8-oxocoptisine, OCOP) against colitis, we used dextran sulfate sodium (DSS) to induce colitis in mice. Clinical symptoms, microscopic alternation, immune-inflammatory parameters for colitis were estimated. The results indicated that OCOP dramatically ameliorated disease activity index (DAI), the shortening of colon length and colonic histopathological deteriorations. OCOP treatment also suppressed the mRNA expression and release of inflammatory mediators (TGF-β, TNF-α, IL-6, IL-18, IL-1β and IFN-γ) and elevated the transcriptional and translational levels of anti-inflammatory cytokine (IL-10) as well as the mRNA expression levels of adhesion molecules (ICAM-1 and VCAM-1). Besides, the activation of NF-κB pathway and NLRP3 inflammasome was markedly inhibited by OCOP. Furthermore, OCOP displayed superior anti-colitis effect to COP, and was similar to MSZ with much smaller dosage. Taken together, the protective effect of OCOP against DSS-induced colitis might be intimately related to inhibition of NF-κB pathway and NLRP3 inflammasome. And the findings indicated that OCOP might have greater potential than COP to be further exploited as a promising candidate in the treatment of colitis.
Keywords: 8-oxocoptisine, gut microflora, metabolite, ulcerative colitis, NF-κB, NLRP3 inflammasome
[image: Graphical ABSTRACT]GRAPHICAL ABSTRACT | 
INTRODUCTION
Ulcerative colitis (UC), a major form of inflammatory bowel disease (IBD), is an idiopathic long-term inflammatory disorder of the colon and rectum characterized by abdominal pain, fatigue, rectal bleeding, persistent diarrhea and abdominal cramps (Feuerstein and Cheifetz, 2014). UC is more prevalent in developed countries, and results in considerable economic burden for medical systems, unsatisfactory life quality and even life-threatening (Ananthakrishnan, 2015; Luo et al., 2020).
For medical management of UC, current therapeutic agents mainly focus on nonsteroidal anti-inflammatory agents, corticosteroids and immunosuppressants, which can be effective in the early stage of disease. However, these pharmaceutical therapies would be compromised due to incomplete efficacy and frequent side effects (Kellermayer, 2017; Ahmad and Kumar, 2018). Hence, it is of great importance to explore the candidate compounds for UC treatment.
Traditional Chinese medicine has been used as a fundamental therapeutic arsenal for diseases with enduring clinical practice and reliable therapeutic efficacy in China (Shaker et al., 2014). Rhizoma Coptidis (the dried rhizome of Coptisine Chinemsis Franch), which is officially recorded in the Chinese pharmacopoeia (known as Huanglian in Chinese), is widely applied for various diseases including dysentery (also known as UC) (Wu et al., 2014; Morita et al., 2016; Dong et al., 2019). Coptisine (COP), the characteristic active constituent of Rhizoma Coptidis with typical natural benzyltherahydroisoquinoline-type alkaloids skeleton as berberine, possesses a broad spectrum of prominent bioactivities including anti-inflammatory (Zielinska et al., 2020), anti-diabetes (Shi et al., 2019), anti-malaria (Lang et al., 2018) and anti-cancer effects (Ya et al., 2020), which is a promising active component to treat UC. Nevertheless, low oral bioavailability of COP is difficult to expound its various pharmacological activities (Wu et al., 2019).
The liver, one of the body’s major organs, plays a fundamental role in drug metabolism and bioconversion. However, the AUC0-t value of COP after intraportal administration was markedly higher than that by intraduodenal administration, which indicated the main metabolic organ of COP was not the liver (Liu et al., 2015; Ren et al., 2019; Lu et al., 2020). In addition, many studies have reported that COP was mainly metabolized in the intestine with only low level distributed in other tissues (kidney, spleen, liver, heart, and muscle) (Su et al., 2015; Hu et al., 2019). Therefore, it was deduced that COP was firstly metabolized by intestine in large amount. Gut microflora involved in the drug metabolism is considered the “hidden” organ in the intestine, which may lead to the production of new metabolites with altered bioactivities. Intestine microbiota can transform COP into various metabolites by decarbonization, reduction and other reactions. However, inferior pharmacological effects of these gut microbiota-mediated metabolites are difficult to explain the broad bioactivities of COP (Li et al., 2015). Hence, it is interesting to explore additional metabolic pathways to explain the prominent pharmacological activities of COP.
In the present study, COP was firstly found to be transformed into 8-oxocoptisine (OCOP), an oxidized protoberberine alkaloid with more active lactam ring, by oxidation reaction. It has been reported that OCOP exhibited appreciable anti-inflammatory, anti-tumor, anti-fungal and cardiovascular-protective effects (Hirano et al., 2001; Min et al., 2006). And in our preliminary study, COP and OCOP were both found to exhibit beneficial effects in treating UC. However, comparative study on the potential functional implication and connection of bioactive effects between COP and its metabolites is scare. Notably, in our previous work, berberine with the same core structure as COP, was found to be transformed into a novel oxidative metabolite oxyberberine (OBB) by gut microbiota-medicated oxidation reaction, which exhibited predominant anti-inflammatory (Li et al., 2020) and anti-colitis effects with more favorable safety profile (Tan et al., 2016; Li et al., 2020). Therefore, we speculated that OCOP, an important oxidative metabolite of COP, may serve as a promising bioactive candidate, which motivated us to further investigate its pharmacological activities such as anti-colitis effect.
As part of our ongoing search for anti-colitis candidates, the current research was designed to comparatively explore the potential effects of COP and its intestinal oxidative metabolite OCOP on dextran sulfate sodium (DSS)-induced mice colitis and unravel the potential mechanism. Our results indicated that OCOP eminently alleviated acute colitis elicited by DSS, which exhibited similar anti-UC effect to the reference drug mesalazine (MSZ) with much smaller dosage and superior to COP via regulation of NF-κB pathway and NLRP3 inflammasome. This is, to our knowledge, the first study to expound the anti-UC effect and potential mechanism of OCOP in vivo. Our study presents an intriguing case and paradigm to illustrate the significance of the gut microbiota in enhancing the therapeutic efficacy of natural products. It also offers further empirical evidence for the traditional application of Rhizome Coptidis against diarrhea and dysentery. Furthermore, it may provide novel insight into the potential usefulness of OCOP as a novel lead compound against UC.
MATERIALS AND METHODS
Reagents and Chemicals
COP (purity >98%) was purchased from Shanghai Yuan Ye Biotechnology Co., Ltd (Shanghai, China). Dextra sulfate sodium was obtained from MP Biomedical (Irvine, CA, USA). Cefadroxil (purity >99%), terramycin (purity >98%) and erythromycin (purity >99%) were purchased from Dalian Meilun Biotechnology Co., Ltd (Dalian, China). Mesalazine (MSZ) was obtained from Losan Pharma GmbH, Germany. ELISA kits (TNF-α, IL-6, IL-10, IL-18, IL-1β, TGF-β, and IFN-γ) were obtained from Shanghai Enzyme-linked Biotechnology Co., Ltd (Shanghai, China). BCA kit and myeloperoxidase (MPO) assay kit were obtained from the Jiancheng Bioengineering Institute of Nanjing (Nanjing, Jiangsu, China). Primary antibodies against p65, IκBα, p-IκBα, NLRP3, ASC, Capase-1, Caspase-1 p10, GAPDH and Histone H3 were purchased from Affinity Biosciences (OH, USA). All other reagents and chemicals were at least of analytical grade.
Animals
Male BALB/C mice (22–24 g) and Kunming (KM) mice (18–22 g) were obtained from the animal center of Guangzhou University of Chinese Medicine, Guangdong Province, China. The animals were acclimated for one week prior to the initiation of the experiment. Animals were raised in a 12 h day-night rhythm under the temperature of 23–25°C and the relative humidity of 40–60%, and got access to standard forage and clean water ad libitum. The experiment was carried out strictly in compliance with the National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals (eighth edition), All protocols were approved by the Animal Experiment Ethics Committee of Guangzhou University of Chinese Medicine (Permit ID: 20190223002) (Mason and Matthews, 2012).
The Bioconversion of Coptisine by Gut Microbiota
The bioconversion of COP by gut microbiota was conducted according to the regime of intestinal metabolite of berberine in our previous work with some modification (Li et al., 2020). Firstly, for incubation, the fresh feces collected in KM mice were immediately homogenized in anaerobic culture solution. After filtration, COP was added to the intestinal bacteria solution, and the final concentration of COP in the incubation system was 100 μg/ml. The mixture solution was incubated under anaerobic condition at 37°C for 24 h. Secondly, the feces were collected for detecting and identifying metabolites within 24 h after oral administration with COP. Thirdly, to validate the role of intestinal bacteria in the process of COP metabolism, pseudo-germfree model was established following the previous method to assess the metabolic bioconversion of COP in vivo (Feng et al., 2015). The samples were treated with acetonitrile, vortexed for 2 min, and centrifuged at 8000 g for 10 min. The supernatant was then collected for N2 drying. The residue was reconstituted with 200 µL acetonitrile, then vortexed for 30 s, and filtered by 0.22 μm microporous filter. Finally, a 10-μL aliquot was injected into the LCMS/MS system for analysis.
LC-MS/MS Instrument and Operation Conditions
Detection was performed on Shimadzu ultra-performance liquid chromatograph system hyphenated with ion trap time-of-flight mass spectrometry (Shimadzu Cooperation, Japan). Chromatographic separation was conducted on a phenomenex Luna C18 (2) 100A column (250 mm × 4.6 mm, 5 μm). The mobile phase consisted of solution (containing 0.34% sodium dodecylsulfate and 0.67% potassium dihydrogen phosphate)/acetonitrile (50:50, v/v). All the data were collected in the ESI-positive ionization detection mode within the m/z range of 200–2000 Da.
Synthesis and Identification of 8-Oxocoptisne
The synthesis of OCOP was performed as previously described with minor modification (Zhang et al., 2014). Briefly, potassium ferricyanide was dissolved in the solution of 5 N NaOH in deionized water and COP was added to the solution with the ratio of 5:1. The suspension solution was conducted under reflux condition to get the crude product, which was purified using silica gel column chromatography. Then, a series of analysis technologies including NMR spectroscopy and HPLC-ESI-MS were employed to analyze the synthesized sample.
Induction of Colitis
After acclimation for 7 days, mice were randomly assigned into six groups: Control, 3% DSS, 3% DSS with MSZ (MSZ, 200 mg/kg), 3% DSS with COP (COP, 50 mg/kg) and 3% DSS with OCOP (OCOP, 50 and 100 mg/kg). Except the control group, other groups received 3% DSS (w/v) dissolved in the sterile water for seven consecutive days to establish UC model. The control group was given the same volume of 2% Tween-80 aqueous solution. MSZ, COP, and OCOP were orally administered once daily. The body weight and the presence of stool bleeding as well as diarrhea were monitored daily throughout the experiment. On the last day, all mice were euthanized, and the entire colon tissues were collected and measured. Subsequently, the entire colon was divided into several segments proportionally and stored at −80°C for subsequent biochemical analysis.
Assessment of Disease Activity Index
Clinical manifestations like diarrhea, stool bleeding, and body weight of all animals were monitored daily throughout the experiment. The final DAI score included the score of the above symptoms. The specific score for every index followed the previous method (Table 1) (Alex et al., 2009):
TABLE 1 | Criteria for scoring disease activity index (DAI).
[image: Table 1]Evaluation of Histological Changes
For histological analysis, the samples were fixed in fresh 4% paraformaldehyde (pH 7.4). After routine tissue processing, the samples were embedded in paraffin. Then these well-processed specimens were sliced to 5 μm thickness sections for Hematoxylin & Eosin staining. After H&E staining, histological scoring for colitis was performed by colon pathologist in a blinded way using a validated score system based on pathological changes in colons (Zhang et al., 2018). The final score was the sum of the following mentioned index score. The specific score rules were as previously described (Table 2) (Zhang et al., 2018).
TABLE 2 | Histological grading criteria.
[image: Table 2]Measurement of Myeloperoxidase Activity in Colons
Colons from mice in each group were homogenized with saline solution on ice for 3 min using a homogenizer. The well-homogenate supernatants were collected after centrifugation (10,000 g, 4°C, 20 min). The activity of MPO was determined by MPO assay kit following the manufacturer’s protocol.
Measurement of Cytokines Concentrations in Colonic Tissues
The extracted colon specimens were homogenized in phosphate buffer saline (pH 7.4) on ice for 3 min using a homogenizer. The well-homogenate supernatants were collected after centrifugation (10,000 g, 4°C, 20 min). The contents of cytokines (IL-10, TNF-α, IL-6, IL-1β, IFN-γ, TGF-β and IL-18) were determined by ELISA kits following the manufacturer’s operational protocol.
Analysis of mRNA Expression by Real-Time Quantitative PCR in the Colon Samples
Total RNAs from colon samples were extracted using Trizol reagent in accordance with the user’s manuals. And its purity of RNA was evaluated by determining the ratio of A260/A280 (between 1.8 and 2.0). Total RNAs were employed to synthesize cDNA using a reverse transcription kit (Thermo Fisher Scientific, USA) following the manufacturer’s protocol. The levels of IL-1β, IL-10, IL-18, IL-6, TNF-α, IFN-γ, ICAM-1, and VCAM-1 were analyzed by quantitative real-time PCR with FastStart Universal SYBR Green Master (Rox). The sequences of the primers are listed in Table 3. The following PCR conditions were applied for PCR amplification: pre-denaturation at 95°C for 30 s, followed by 40 cycles at 95°C for 10 s and 60°C for 30 s. The relative quantification of target gene expression was analyzed using the 2−ΔΔCt method and GAPDH served as an internal control.
TABLE 3 | Primers sequences.
[image: Table 3]Immunohistochemical Staining
The colon samples were fixed immediately in 4% buffer formalin, and embedded in paraffin. These well-processed specimens were cut into 5 μm sections. The paraffin-fixed sections were dewaxed, rehydrated and washed in 1% PBS-Tween buffer. Sequentially, theses samples were treated with 3% hydrogen peroxide, blocked with 10% goat serum and incubated with NLRP3 and p65 primary antibodies (Affinity Bioscience, OH, USA) at 4°C overnight. These sections were incubated with the corresponding goat anti-rabbit secondary antibodies labeled with horseradish peroxidase (37°C, 30 min) (Affinity Bioscience, OH, USA). After washing thoroughly, the slides were stained with 3,3′-diaminobenzidine (DAB) followed by re-dyeing with hematoxylin. Theses slices were evaluated using the confocal laser-scanning microscope (Olympus FV1000, Tokyo, Japan).
Western Blotting Analysis
Western blotting was used to assess the protective effect of OCOP on the NF-κB pathway and NLRP3 inflammasome. The colon segments were obtained from mice and homogenized on pre-cooled PBS. Then, they were lyzed in RIPA buffer (RIPA lysis buffer: PMSF: protein phosphatase inhibitor = 100:1:1) on ice for 30 min, which were further centrifuged at 12,000 g for 15 min to obtain the supernatants. To determine the concentration of the protein, BCA protein assay kit was performed. Total proteins from colon tissues were separated by SDS-PAGE and transferred to PVDF membrane. After being blocked in non-fat milk in Tris-buffer saline-0.1% Tween-20 (TBST) for 2 h, samples were incubated with the corresponding primary antibody p65, IκBα, p-IκBα, NLRP3, ASC, Caspase-1, Caspase-1 p10, GAPDH, and Histone H3 (Affinity Bioscience, OH, USA) overnight at 4°C. Subsequently, the membranes were incubated with horseradish peroxidase-conjugated secondary antibodies. The chemiluminescence signals were detected by ECL detection reagents and analyzed by Image J software. GAPDH and Histone H3 were used as the loading controls.
Molecular Docking
Molecular docking can provide more detailed information for investigating the interaction between ligands (COP and OCOP) and the receptors (NLRP3, Caspase-1 and NF-κB) with the aid of AutoDock software (version 4.2.6). The 3D structures of Caspase-1 (PDB ID: 1RWK), NLRP3 (PDB ID: 6NPY) and NF-κB (PDB ID: 1NFI) were downloaded from the RCSB PDB database (http://www.rcsb.org/pdb).The crystallographic coordinates of COP and OCOP were retrieved from the PubChem Compound database (http://pubchem.ncbi.nlm.nih.gov/pccompound). The grid size along the x-, y-, z-axes was set at 30 × 30 × 30 with 1 Å grid spacing. Lamarckian Genetic Algorithm (LGA) was used to generate the binding pose between ligands and the receptors. The lowest binding free energy conformation between ligand and receptor was chosen as the best docking pose. Finally, graphical representations were viewed by a PyMOL graphic system.
Statistical Analysis
Data were expressed as means ± standard deviation of the means (S.D.). Statistical analysis was performed using SPSS software (version 19.0, SPSS, Chicago, IL, USA). The statistically significant difference between two groups was evaluated using student’s t-test. One-way analysis of variance (ANOVA) followed by Dunnett’s test was used to evaluate the differences when multiple groups were compared. Statistical significance was set by the p value below 0.05 or the p value below 0.01.
RESULTS
Metabolizing Coptisine by Gut Microbiota in vitro and in vivo
As illustrated in Figure 1, HPLC analysis indicated that COP could be metabolized in vivo. LC-MS analysis revealed that COP was transformed into a novel metabolite OCOP (LC-ESI-MS m/z: 336.1) in normal and pseudo-germfree mice. However, oral treatment of mice with antibiotics could reduce OCOP generation in pseudo-germ-free mice. In normal mice, the conversion rate of COP converted to OCOP by gut microbiota in vitro was 16.44%. After treating with COP by oral administration, the content of OCOP was 1.73% in fresh feces of normal KM mice within 24 h. However, the production of OCOP was drastically reduced to 0.20% in pseudo-germ-free mice within 24 h. This finding suggests that COP could be metabolized to the oxidative metabolite OCOP by intestinal microbiota in normal mice.
[image: Figure 1]FIGURE 1 | Generation of OCOP by gut microbiota (A) COP was metabolized into OCOP by gut microbiota (B) The OCOP content (%) in the mice feces after administration in vitro and in vivo for 24 h (C) HPLC analysis of S1 (standard solution of OCOP), S2 (standard solution of COP), S3 (the feces of normal mice), S4 (the feces of mice orally treated with 100 μg/ml COP), S5 (the feces of pseudo-germfree mice orally treated with 100 μg/ml COP), S6 (the feces of normal mice in vitro), and S7 (the feces of normal mice incubated with 100 μg/ml COP in vitro) (D and E) ESI+-MS1 spectrum of OCOP in methanol (F and G)1H NMR, 13C-NMR spectrum data of OCOP.
Synthesis and Identification of 8-Oxocoptisne
As shown in Figure 1, the mass spectrum obtained by LC-ESI-MS gave an ion peak at m/z: 336.1 in positive ion mode, suggesting the molecular formula of this synthetic earthy gray sandy solid was C19N13NO5. Its NMR spectrometry data were given below: 1H NMR (400 MHz, DMSO-d6) δ: 2.85 (t, J = 5.4Hz, 2H, NCH2CH2), 4.08 (t, J = 5.4Hz, 2H, NCH2CH2), 6.07 (s, 2H,OCH2O), 6.19 (s, 2H,OCH2O), 6.92 (s, 1H, ArH), 7.11 (s, 1H, ArH), 7.15 (d, J = 8.1Hz, 1H, ArH), 7.34 (d, J = 8.1Hz, 1H, ArH), 7.47 (s, 1H, -CH = ); 13C NMR (100 MHz, DMSO-d6) δ: 158.23, 148.01, 146.96, 146.11, 145.71, 134.87, 131.64, 129.89, 123.18, 119.42, 114.03, 109.85, 107.92, 104.74, 102.14, 101.64, 101.39, 38.67, 27.65. In summary, the synthetic earthy gray sandy solid was identified as OCOP according to the data of 1H- nuclear magnetic resonance (NMR) and 13C-NMR and mass spectrometry (Zhang et al., 2014). Meanwhile, HPLC analysis revealed that the purity of OCOP was more than 98%.
Anti-UC Activities of 8-Oxocoptisne
General Clinical Symptoms of Dextran Sulfate Sodium-Induced Colitis in Mice
In the present study, oral administration of DSS induced colitis in mice, which resembled human UC. Mice in the DSS group appeared rapid weight loss, stool bleeding and diarrhea and lack of viability, together with loosened hair and fecal blood. As illustrated in Figure 2, the body weight of DSS-induced mice decreased evidently during the experiment. However, compared with the DSS-induced mice model, OCOP treatment significantly improved the abovementioned pathological manifestations. Notably, OCOP (50 mg/kg) was more pharmacologically active than COP of the same dosage in ameliorating clinical symptoms of DSS-induced colitis, and exerted similar therapeutic effect to MSZ (200 mg/kg). The DAI score was consistent with the pathological manifestations.
[image: Figure 2]FIGURE 2 | Effects of OCOP (50 and 100 mg/kg) and COP (50 mg/kg) on daily body weight changes, and disease activity score of DSS-induced colitis mice. After DSS challenge, treatments were administered once a day by intragastric gavage for a week (A) Schematic diagram of the experiment design (B) Daily body weight changes (C) DAI score index (D) Macroscopic photographs of colon lengths (E) The length of colon. Data are expressed as the means ± SD (n = 8–10). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
As shown in Figure 2, in contrast to the control group, DSS-induced mice presented a progressive increase in DAI value. However, treatment with OCOP, COP and MSZ for 7 days dramatically (p < 0.05) lowered the DAI score of mice when compared with the model group. In addition, it is widely accepted that intestinal atrophy is positively related to the colitis (Verma et al., 2014). The colon in DSS groups was shorter than that in the control group. However, treatment with OCOP, COP and MSZ obviously (p < 0.05) ameliorated the shortening of colon length. It was suggested that treatment with OCOP exhibited pronounced ameliorative effect against DSS-induced experimental UC.
Histopathological Analysis on H&E Staining and Myeloperoxidase Activity of Dextran Sulfate Sodium-Induced Colitis in Mice
The histological architecture of the colons was observed by microscope after H&E staining. The colons from the control group showed intact surface epithelium, crypt, muscularis, mucosa, and submucosa. However, the DSS-induced group displayed excessive crypt damage with edema, collapse, or complete destruction, and a large amount of inflammatory cell infiltration. The severe inflammation contributed to higher microscopic score. However, compared with the DSS-induced group, treatment with OCOP, COP and MSZ apparently improved the degree of crypt damage. Meanwhile, less amount of inflammatory cell infiltration was observed. And the microscopic score of OCOP groups (50 and 100 mg/kg) was observably lowered in a dose-dependent manner (p < 0.05). Notably, OCOP-H exhibited superior therapeutic effects to COP of the same dosage and similar to MSZ.
MPO is a biomarker reflecting neutrophils granulocyte into the inflamed intestinal tissue. As illustrated in Figure 3, in contrast to the control group, the activity of colonic MPO was remarkedly increased in DSS group, suggesting that the colon tissues were gradually infiltrated by excessive neutrophils granulocyte. However, the elevated MPO activity was markedly (p < 0.05) suppressed by OCOP, COP and MSZ treatment in comparison with that of DSS group. The results suggested OCOP effectively reduced the infiltration of neutrophils granulocyte, which was superior to COP of the same dosage.
[image: Figure 3]FIGURE 3 | (A) Representative colorectal slices of H&E staining. Original magnification ×200. (A) control; (B) DSS; (C) MSZ; (D) COP (50 mg/kg); (E) OCOP (50 mg/kg); (F) OCOP (100 mg/kg) (B) Histological scores of each group (C) The MPO activity of colon tissues. Data are expressed as the means ± SD (n = 6–8). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
Effect of 8-Oxocoptisne on the Levels of Colonic Cytokines in Dextran Sulfate Sodium-Induced Mice
As presented in Figure 4, compared with the control group, DSS treatment dramatically (p < 0.01) increased the levels of IL-1β, IL-6, TNF-α, IL-18, IFN-γ and TGF-β. In contrast, the productions of these mediators were strikingly (all p < 0.05) attenuated by OCOP, COP and the positive drug MSZ. On the other hand, lower level of IL-10 was observed in DSS-induced experimental colitis in parallel to the control group. However, oral administration with OCOP, COP and MSZ significantly (p < 0.05) elevated the level of IL-10 in comparison to the DSS group. It was noteworthy that OCOP exhibited superior effect to COP of the same dosage and similar to MSZ in modulating the inflammatory status. These results indicated that OCOP possessed favorable anti-inflammatory effect in mitigating DSS-induced colitis.
[image: Figure 4]FIGURE 4 | Effects of OCOP (50 and 100 mg/kg) and COP (50 mg/kg) on the productions of inflammatory cytokines IFN-γ (A), TNF-α (B), IL-1β (C), IL-6 (D), IL-10 (E), IL-18 (F) and TGF-β (G) in colon tissues of DSS-induced mice. After DSS challenge, treatments were administered once a day by intragastric gavage for a week. Data are expressed as the means ± SD (n = 10). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
Effect of 8-Oxocoptisne on the mRNA Expression of Immune-Inflammation Mediators in Mice Colon
As depicted in Figure 5, the mRNA expression of IL-1β, IL-18, IL-6, TNF-α, IFN-γ, ICAM-1, and VCAM-1 was markedly (all p < 0.01) up-regulated in DSS-induced colitis group, while the IL-10 expression was significantly (p < 0.01) down-regulated. However, OCOP, COP and MSZ treatment notably (p < 0.01) down-regulated the elevated expression levels of IL-1β, IL-18, IL-6, TNF-α, IFN-γ, ICAM-1, and VCAM-1 induced by DSS. In addition, OCOP and MSZ remarkably (p < 0.05) promoted the expression of IL-10. Furthermore, OCOP (50 mg/kg) exhibited a more significant inhibitory effect on the expression of IL-1β, IL-18, IL-6, TNF-α, IFN-γ, ICAM-1, and VCAM-1 than COP of the same dosage. The above results revealed that the anti-colitis effect of OCOP might be related to its modulation on the mRNA expression of immune-inflammation mediators.
[image: Figure 5]FIGURE 5 | The mRNA expression levels of IL-6(A)IL-1β(B), IL-10(C), IL-18(D), IFN-γ(E), TNF-α(F), ICAM-1(G), VCAM-1(H) in mice as determined by qRT-PCR. Data are expressed as the means ± SD (n = 10). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
Effect of 8-Oxocoptisne on the Expression of NLRP3 and p65 in the Colons
To further investigate the protective mechanism of OCOP against DSS-induced acute colitis, immunohistochemical evaluation of NLRP3 and p65 proteins was carried out. The result shown in Figure 6 indicated p65 subunit expression in the control group was relatively low. Compared to the control group, higher expression level was observed in the DSS model group. However, treatment with OCOP, COP and MSZ substantially (p < 0.01) reduced p65 staining in the colonic tissues. As illustrated in Figure 7, when compared to the control group, NLRP3 inflammasome was significantly (p < 0.01) elevated in DSS-induced mice. By contrast, administration with OCOP, COP and MSZ effectively (p < 0.01) attenuated the NLRP3 staining in colonic tissues.
[image: Figure 6]FIGURE 6 | (A) Representative photographs of p65 immunohistochemical staining (magnification ×200) (B) Integrated optical density of p65. Data are expressed as the means ± SD (n = 3). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
[image: Figure 7]FIGURE 7 | 
Effect of 8-Oxocoptisne on Protein Expression of NF-κB Pathway and NLRP3 Inflammasome in DSS-Induced Colitis
Long-term administration with DSS contributed to massive inflammation cells infiltration and a large amount of inflammatory cytokines secretion, leading to the occurrence of serious inflammation response. Therefore, to further explore whether the alleviative effect of OCOP and COP was associated with inhibition of NLRP3 inflammasome and NF-κB pathway in DSS-induced colitis, relevant signal molecules were examined. As illustrated in Figures 8, 9, the nuclear translocation of p65 was noticeably elevated (p < 0.01) when UC occurred, while treatment with OCOP, COP, and MSZ significantly (p < 0.05) inhibited p65 translocation from cytoplasm to nucleus in contrast to the model group.
[image: Figure 8]FIGURE 8 | Effects of OCOP and COP on the NF-κB pathway in DSS-induced mice (A) Representative Western blotting images of pIκBα, IκBα, cytoplasmic p65 and nuclear p65 (B–E) The protein expression levels of pIκBα, IκBα, cytoplasmic p65 and nuclear p65 in the NF-κB pathway. Data are expressed as the means ± SD (n = 3). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
[image: Figure 9]FIGURE 9 | Effects of OCOP and COP on the NLRP3 inflammasome in DSS-induced mice (A) Representative Western blotting images of NLRP3, ASC, Caspase-1and Caspase-1 p10 (B–E) The protein expression levels of NLRP3, ASC, Caspase-1 and Caspase-1 p10 in the NLRP3 inflammasome. Data are expressed as the means ± SD (n = 3). #p < 0.05, ##p < 0.01 vs. control group; *p < 0.05, **p < 0.01 vs. DSS group; &p < 0.05, &&p < 0.01 vs. COP group.
Meanwhile, when compared to the control group, DSS exposure markedly (p < 0.01) enhanced the phosphorylation and degradation of IκB-α. Instead, as compared with the model group, treatment with OCOP, COP, and MSZ significantly (p < 0.05) suppressed the phosphorylation and degradation of IκB-α. Meanwhile, higher expression levels of NLRP3, ASC, Caspase-1 p10, and Caspase-1 were observed in DSS-induced mice. In contrast, the elevated expression levels of NLRP3, ASC, Caspase-1 p10, and Caspase-1 were markedly (p < 0.05) reduced by OCOP, COP, and MSZ, respectively.
Docking of Coptisine and 8-Oxocoptisne at the Potential Protein Active Site
As illustrated in Table 4 and Figure 10, the docking results showed that OCOP could combine with the active site of Caspase-1, NLRP3 and NF-κB with the binding energy of −8.2, −8.2 and −7.2 kcal/mol, respectively. Meanwhile, the docking interaction energy between COP and Caspase-1, NLRP3 and NF-κB was −6.7, −7.3 and −6.6 kcal/mol, respectively. COP interacted with ARG341, HIS248 of Caspase-1, TRP414 of NLRP3, ASN109 of NF-κB through hydrogen bonds. OCOP also formed hydrogen bonds with the amino acid ARG391, ASN259, ARG286 of Caspase-1, ARG260, ARG260, HIS258, ARG235 of NLRP3, and LYS326, ASN109 of NF-κB. These results suggested that OCOP and COP exhibited significant docking affinity to the binding sites of Caspase-1, NLRP3 and NF-κB.
TABLE 4 | Hydrophobic interaction and docked amino acid residues of target proteins with OCOP and COP.
[image: Table 4][image: Figure 10]FIGURE 10 | Molecular docking simulation of COP into the active site of NLRP3 (A). OCOP in the active site of NLRP3 (B). COP binding with Caspase-1 (C). OCOP binding with Caspase-1 (D). COP binding with NF-κB (E). OCOP binding with NF-κB (F).
DISCUSSION
Rhizome Coptidis, a well-known herbal medicine with multiple applications including treatment for colitis in clinic, has attracted wide attention of scholars in China and elsewhere (Lee et al., 2014; Wu et al., 2019). Unsurprisingly, as one of the characteristic active principles of Rhizome Coptidis, COP could also exhibit similar beneficial effects on those diseases. However, low bioavailability but prominent pharmacological activities of COP has become a conundrum still not solved (He et al., 2016a; He et al., 2016b).
Since gut microflora-mediated conversion plays a crucial role in reducing the toxicities of some drugs or modulating their metabolism, especially those with poor bioavailability, gut metabolism was considered to be one of the main factors contributing to the pronounced pharmacological effects of drugs. It acts as a reservoir of genes encoding a board diversity of enzymes (reductase, oxidase, esterase, etc.), initiating a range of reactions in vivo such as oxidation, reduction, intramolecular cyclization, rearrangement, condensation, esterification, ester hydrolysis, isomerization, which are beneficial for both bacteria and host (Xu et al., 2017).
Among these metabolic reactions, oxidation is the common modification reaction. Yoo et al. have reported the oxidative metabolism of lovastatin was found on a potential gut microbiota-mediated drug-drug interaction, and it may be the material basis accounting for the excellent anti-colon cancer activity (Yoo et al., 2014). Shu et al. have reported levamisole can be oxidated into several thiazole ring-opened metabolites via gut microbiota, and then exerted the promising anti-tumor activity (Shu et al., 1991). In general, the oxidase enzymes in gut microbiota can convert prodrug into oxidative metabolites, which could be a principal element of these drugs to exhibit stronger therapeutic effects.
For the first time, the present study showed that the gut microbiota could be reduced in pseudo germ-free animal model, which was widely adopted to evaluate the relationship between microbiota xenobiotic metabolism and host (Kang et al., 2014). As expected, the process that COP was converted to OCOP was prominently inhibited by pretreatment with antibiotics. And combined with the results of molecular structure, NMR spectroscopy and HPLC-ESI-MS, gut microbiota transformed COP to a novel metabolite, OCOP, supposedly via oxidation reaction.
It is believed that, when COP was transformed into its oxidized metabolite OCOP, the lipophilicity would increase with the structure converted into more active lactam ring, which was beneficial to be absorbed through biofilm and improve its biological activity. Not unexpectedly, according to our preliminary experiment, COP and OCOP all exhibited prominent anti-colitis activity. However, comparative investigation on the anti-colitis effect of COP and OCOP is rare.
In this study, we adopted the colitis model induced by DSS, a well-characterized experimental colitis model for UC research (El-Shahat and Erfan, 2015; Zhao et al., 2015). Its various clinical manifestations closely resemble the clinical symptoms of human UC and are often regarded as the important indicators for evaluating the severity of the disease (Roger et al., 2011; Bardasi et al., 2020). The dramatic body weight loss, diarrhea, shorter colon length, rectal blood and higher DAI score were observed in colitis model mice, which indicated colitis mice model was established successfully. However, these deteriorations were all significantly ameliorated by treatment with OCOP, the effect of which was similar to MSZ with much smaller dosage, and superior to COP. Histopathological evaluation indicated that severe cell infiltration and disrupted epithelial cell layers could be observed in DSS-induced colitis. Nevertheless, pretreatment with OCOP notably ameliorated the inflammation and tissue damage as evident by the improved histological scores and decreased MPO activity, a biochemical marker reflecting the accumulation of neutrophils granulocyte into the inflamed intestinal tissue. These results suggested OCOP could effectively protect mice from DSS-induced colitis.
Inflammatory response, the main characteristic of gut barrier damage, plays a substantial role in the pathogenic process and management of UC (Xu et al., 2020). Increased levels of pro-inflammatory mediators and insufficient levels of anti-inflammatory cytokines are responsible for the development of inflammation in patients with UC (Schardey et al., 2019). The imbalance between pro-inflammatory and anti-inflammatory factors promotes the inflammation of mucosa and accelerates the incidence of UC (Yuan et al., 2019). Therefore, modulating favorably the imbalance may provide a vital potential strategy for alleviating the symptoms of UC.
To clarify the potential anti-inflammatory mechanism of OCOP, in the current study, relevant pro-inflammatory mediators, anti-inflammatory cytokines, and adhesion molecules in the colorectal tissues were determined. IL-18 is considered important pathogenic factor through reducing the number of goblet cells at the later stages of UC (Arend et al., 2008). In addition, IL-18 is also a pleiotropic cytokine contributing to production of interferon (IFN)-γ, which acts as an essential role in the aspect of macrophage activation (Takagawa et al., 2005). TNF-α, a potent pro-inflammation mediator, is secreted by macrophages and monocytes. Excessive TNF-α could lead to epithelial barrier damage, which is highly associated with the occurrence of UC and meanwhile triggers the generation of IL-6 and IL-1β to further deteriorate inflammatory process (Orlikova et al., 2013; Ahn and Kim, 2018). Besides, adhesion molecules are responsible for the severe intestinal damage and inflammatory cells infiltration. Studies have reported that the elevated levels of adhesion molecules (ICAM-1 and VCAM-1) were founded in the DSS-induced colitis mice (Gulubova et al., 2007). In contrast, as a typical anti-inflammatory mediator, IL-10 can prevent exuberant immune response to pathogens and limit the excretion of several pro-inflammatory cytokines including IL-1β, IL-6, and TNF-α (Gabrysova et al., 2009). Simon et al. have built IL-10 deficiency mice to indicate that the occurrence of chronic intestinal inflammation was intimately related to IL-10 deficiency (Simon et al., 2016). TGF-β, a regulatory cytokine secreted both by intestinal epithelial cells and T cells, plays a vital role in regulating immunological homeostasis and inflammatory responses. The reduced TGF-β activity is responsible for the development of autoimmune disorders in several pathologic conditions including UC (Ihara et al., 2017; Zhu et al., 2019). In this study, significant up-regulated expression of above pro-inflammatory cytokines, adhesion molecules and TGF-β were observed in colitis model mice. On the contrary, pretreatment with OCOP dramatically reduced these elevated indicators. Furthermore, OCOP treatment markedly increased the depressed expression of IL-10 induced by DSS. This seemingly paradoxical increase in the anti-inflammatory TGF-β in DSS-induced colitis may be due to overexpression of SMAD7, which negatively regulated TGF-β signaling by competing for SMAD3’s binding site on the TGF-β receptor, thereby blocking SMAD3 activation (Feagins, 2010; Alliger et al., 2020). Therefore, shifting to maintain the equilibrium between these indicators may be important for OCOP to alleviate the inflammatory response.
Accumulating evidence has suggested that inflammatory mediators could activate NF-κB pathway and NLRP3 inflammasome (Shi et al., 2014a; Zhang et al., 2019). Those pathways, in turn, could also regulate the transcription of various inflammatory cytokines (Shi et al., 2014a). NF-κB signaling pathway is a classical pathway involved in modulation of inflammatory responses and immunity (Shi et al., 2014b). In an activated status, heterodimer comprising of NF-κB1/p50 and RelA/p65 is commonly sequestered in the cytoplasm through combining with its inhibitor protein IκB. And phosphorylation and degradation of IκB will trigger the dislocation of IκB and NF-κB when NF-κB is activated (Schuliga, 2015). Meanwhile, the liberated NF-κB dimers are translocated from cytoplasm to nucleus where NF-κB-related inflammatory mediators will be activated (Stephenson et al., 2000). In our study, results indicated that DSS could activate the nuclear translocation of p65 and facilitate phosphorylation and degradation of IκB. However, treatment with OCOP significantly reversed these changes. Therefore, OCOP might inhibit experimental colitis induced by DSS, at least in part, via suppressing the NF-κB pathway.
Apart from that, NF-κB related signaling pathway has been indicated to regulate NLRP3 expression (Shaker et al., 2014). And numerous studies have disclosed that the activation of NLRP3 inflammasome has been defined as a critical element of the pathogenic process of UC (Shen et al., 2019). NLRP3 inflammasome complex, an assembly constituted of NLRP3 itself, the adaptor ASC and the effector Caspase-1, could initiate inflammatory responses. It can be activated by a range of exogenous dangers, bacterium and virus, leading to the cleavage of ASC and activation of pro-Caspase-1 protein. Subsequently, the Caspase-1 protein is activated with vast cytokine IL-18 and IL-1β secretion, resulting in the inflammatory responses (Mogg, 2011; Platnich and Muruve, 2019). Perera et al. have reported MCC950, an inhibitor of NLRP3 inflammasome, could effectively attenuate colitis in DSS-induced mice (Perera et al., 2018). Therefore, suppressing the NLRP3 pathway and the subsequent cytokine expression might be beneficial for improving the symptoms of ulcerative colitis and preventing its recurrence. Remarkably, our data indicated pretreatment with OCOP significantly reduced the expression levels of NLRP3, ASC, and Caspase-1 to regulate NLRP3 inflammasome.
It is interesting to note that, in our results, OCOP exerted superior effect to COP in the above aspects. And combined with the results of molecular docking, the protective effect on DSS-induced experimental colitis might be related to regulation of the NF-κB pathway and NLRP3 inflammasome (Figure 11).
[image: Figure 11]FIGURE 11 | Summary scheme of the mechanisms underlying the inhibitory effect of OCOP (A) Normal intestinal tract (B) DSS-induced colitis (C) OCOP-pretreated colitis. OCOP, a novel gut microflora metabolite of COP, significantly blocked NF-κB pathway and NLRP3 inflammasome through down-regulating the protein expression of ASC, NLRP3 and Caspase-1, suppressing the phosphorylation of IκBα and the migration of NF-κB p65 from cytoplasm to nucleus.
This study was the pioneering effort to discover a novel metabolite of intestinal microflora of COP and report its ameliorative effect of OCOP against DSS-induced experimental acute colitis. The work provided empirical experimental foundation to support the traditional application of Coptis Chinemsis Franch in the treatment of dysentery. The results provided further insight into the role of microbial metabolism in the transformation and biological manifestation of natural products like COP, and its oxidative metabolite OCOP stands the chance to be further developed into an alternative lead compound for the treatment of colitis. However, more efforts are merited to investigate the underlying mechanism and potential benefit of OCOP in more detail, even in other different experimental models.
In conclusion, OCOP, a novel metabolite of intestinal microflora of COP, notably ameliorated clinical manifestations, colonic injury, and inflammatory response against colitis, which was associated with the suppression of the NF-κB pathway and NLRP3 inflammasome as well as subsequent regulation of the imbalance between pro-inflammatory and anti-inflammatory mediators. Noteworthily, OCOP was observed to exhibit similar therapeutic effect to MSZ with much smaller dosage, and was superior to COP, which indicated that OCOP might have greater potential to be further exploited as a promising therapeutic candidate in the treatment of UC.
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Rheumatic diseases are a group of chronic autoimmune disorders that involve multiple organs or systems and have high mortality. The mechanisms of these diseases are still ill-defined, and targeted therapeutic strategies are still challenging for physicians. Recent research indicates that cell metabolism plays important roles in the pathogenesis of rheumatic diseases. In this review, we mainly focus on lipid metabolism profiles (dyslipidaemia, fatty acid metabolism) and mechanisms in rheumatic diseases and discuss potential clinical applications based on lipid metabolism profiles.
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INTRODUCTION
Rheumatic diseases are a group of chronic heterogeneous autoimmune disorders that involve multiple organs or systems and cause high mortality and disability. The major rheumatic diseases include systemic lupus erythematous (SLE), rheumatoid arthritis (RA), systemic sclerosis (SSc), idiopathic inflammatory myopathy (IIM), and Sjögren's syndrome (pSS). The pathogenesis of rheumatic diseases is complicated and poorly defined.
Recently, immunometabolism has been widely studied in autoimmune and rheumatic diseases, and studies have mainly focused on six major metabolic pathways, including glycolysis, the tricarboxylic acid (TCA) cycle, the pentose phosphate pathway (PPP), amino acid metabolism, fatty acid (FA) oxidation and FA synthesis. Among these pathways, research into lipid metabolism has been ongoing for years (Rhoads et al., 2017; Peradze et al., 2019). For example, dyslipidaemia was associated with CD4+ T cell activation and complement-mediated renal damage in lupus-prone mouse models (Woo et al., 2010; Black et al., 2015). Statin suppressed the secretion of pro-inflammatory cytokines by macrophages and T cells in RA patients (Kwak et al., 2000). In SSc and fibrotic disease, lipid metabolism was a key mediator in the activation of fibroblasts and immune cells. In addition, adipose tissue is correlated with oxidative stress and participates in vascular damage (Winsz-Szczotka et al., 2016).
Dyslipidaemia is characterized by lower high-density lipoprotein (HDL) levels and higher low-density lipoprotein (LDL), triglyceride (TG), and total cholesterol (TC) levels, and it is commonly found in rheumatic diseases. It is well known that high levels of LDL and/or abnormal levels of HDL in the plasma are strongly correlated with an increased risk of atherosclerosis (Expert, 2001) and end-organ damage, such as central nervous system and kidney damage (Tselios et al., 2016). Here, we summarize the profiles of lipid metabolism in rheumatic diseases and explore potential clinical applications.
LIPID METABOLISM DISORDERS IN SLE
SLE is a chronic autoimmune disease that involves multiple organs and is characterized by heterogeneous symptoms (Kaul et al., 2016). A high risk of dyslipidaemia is observed in SLE patients. Hypercholesterinaemia was observed in 36% of newly diagnosed SLE patients from the International Collaborating Clinics cohort, with even higher levels after being diagnosed for 3 years (Urowitz et al., 2007). Dyslipidaemia can affect the prognosis of SLE patients through both cardiovascular disease (CVD)-related events and damage to other organs, such as lupus nephritis (Tselios et al., 2016).
Dyslipidaemia in SLE
High-Density Lipoprotein
Pro-inflammatory HDL (piHDL) was found in 44.7% of female SLE patients and 20.1% of female RA patients but in only 4.1% of healthy women (McMahon et al., 2006). Dysfunctional piHDL notably increased the prevalence of subclinical atherosclerosis and carotid plaque, with higher intima-media thickness (IMT), in SLE patients (Wu et al., 2016), especially in female patients (McMahon et al., 2014). In addition, the occurrence of ischaemic heart disease is 50-fold higher in female SLE patients of childbearing age (Manzi et al., 1997; Manzi et al., 1999). Decreased HDL and Apo A-1 and increased oxidized LDL (ox-LDL) auto-antibody levels were also observed in paediatric SLE patients (Soep et al., 2004; Yuan et al., 2016). Paraoxonase-I (PON-1) is a subfraction of HDL (Durrington et al., 2001), which can protect LDL from oxidation (Mackness et al., 1991). PON-1 might inhibit the synthesis of cholesterol in macrophages and promote HDL reverse cholesterol transport (Aviram and Rosenblat, 2004). The levels of plasma PON-1 are decreased in SLE patients (Kiss et al., 2007), and reduced PON-1 activity may be involved in SLE complications.
It has been widely recognized that HDLs are involved in the anti-inflammatory processes (Saemann et al., 2010). The mechanisms of the anti-inflammatory effects are still elusive. HDL can activate the transcriptional repressor activating transcription factor 3 (ATF-3) thus inhibits Toll-like receptor (TLR) pathways and TLR-induced cytokines (De Nardo et al., 2014). HDL can also inhibit NF-κB mediated vascular inflammation (Park et al., 2003). Compared to control HDL, SLE HDL can activates NF-κB, increase the production of inflammatory cytokine production, decrease ATF3 synthesis and activity in a LOX1R- and ROCK1/2-dependent manner. HDL-targeted therapies can serve as potential therapeutic intervention for SLE patients with CVD (Smith et al., 2017; Kim et al., 2020).
Low-Density Lipoprotein
LDL becomes oxidized in the vascular wall and induces monocyte chemotaxis in SLE patients (Hansson, 2005; Narshi et al., 2011). Normal HDL can protect LDL from oxidation in vivo (Navab et al., 2004), thus decreasing the risk of CVD in SLE patients (Gaal et al., 2016). Increased LDL and/or ox-LDL levels are positively correlated with plaque inflammation in SLE patients, especially in female patients. Adaptive immune responses might diminish inflammation and accelerate vascular repair (Wigren et al., 2015). Nevertheless, long-term exposure to high levels of LDL will lead to loss of tolerance to ox-LDL antigens (Nilsson and Hansson, 2008). Thus, the intensity of the immune response to ox-LDL may determine the progression of CVD in SLE.
Apo A-1 and Anti-Apo Antibody
Apo A-1 is the major lipid-binding protein in HDL. Elevated plasma apo A-1 can significantly repress the activation of cells and the secretion of interferon-γ (IFN-γ) in apo A-1 genetically modified lupus-prone mouse models (Black et al., 2015). Fewer CD4+ T cells infiltrated the kidney, and glomerulonephritis was also improved in this model. The administration of apo A-1 analogues can relieve lupus-like manifestations in lupus-prone mouse models (Woo et al., 2010).
Anti-apo A-1 antibodies are commonly found in SLE patients, even very early in the disease course (Croca et al., 2015). The titres of anti-apo A-1 antibody are positively correlated with SLE-related auto-antibodies and the SLE disease activity index (SLEDAI) (Radwan et al., 2014; Croca et al., 2015). Anti-oxLDL and anti-apo B antibodies were observed in primary antiphospholipid syndrome (APS) (Zhao et al., 2001) and SLE patients (Svenungsson et al., 2001). Their levels are much higher in SLE patients with high disease activity (O'Neill et al., 2010). In addition, these antibodies cross-react with anti-cardiolipin (Delgado Alves et al., 2003), indicating a potential interaction between the immune response and lipid metabolism in SLE. Antibodies against lipid components might be novel biomarkers that indicate SLE disease activity (Hahn, 2010).
Dyslipidaemia in Lupus Nephritis (LN)
Decreased HDL and Apo B levels as well as increased LDL, TG and TC levels were observed in SLE patients with LN (Liu et al., 2014), even in the quiescent phase (Chong et al., 2011). Disease activity aggravates the abnormal lipid profile course in patients with SLE (Borba and Bonfa, 1997). Dyslipidaemia can enhance the CXCR3+ follicular T helper cell (TFH cell) response and promote immunoglobulin IgG2c production in a manner dependent on Toll-like receptor 4 (TLR4) and the cytokine IL-27 in the SLE mouse model (Ryu and Chung, 2018; Ryu et al., 2018). Hyperlipidaemia could amplify complement activation and enhance renal inflammation, thus promoting nephritis, in lupus-prone mouse models (Lewis et al., 2012).
FA Metabolism in SLE
N-3 polyunsaturated fatty acids (PUFAs) and n-6 PUFAs are reduced, while their downstream products (5-HETE and leukotriene B4) are markedly elevated in serum from SLE patients (Wu et al., 2012). Free fatty acids (FFAs) are common regulators of inflammation, immunity and lipid metabolism (de Jong et al., 2014). Elevated serum FFAs are observed in SLE patients with intestinal dysbiosis, indicating a potential link to the gut microbiota (Rodriguez-Carrio et al., 2017). Evidence shows that both Prostaglandin D2 (PGD2) and Resolvin D1 (RvD1) can restore homeostasis in inflammatory tissues. Lower levels of RvD1 were found in SLE patients (Navarini et al., 2018). PGD2 could aggravate SLE disease by promoting basophil accumulation in the lymph nodes through interactions with the CXCL12-CXCR4 axis, and antagonize PGD2 receptors (PTGDR) can reduce lupus-like disease in induced and spontaneous mouse models (Pellefigues et al., 2018), PGD2/PTGDR axis maybe a ready-to-use therapeutic target in SLE.
Potential Treatment Based on Lipid Metabolism in SLE
Statins
Treatment with statins seems to be beneficial to SLE patients, but the effects are still elusive. Aggressive treatment of dyslipidaemia reduces the risk of lupus nephritis and atherosclerosis (Lewis et al., 2012). In SLE patients, fluvastatin could regulate the lipid metabolism pathway in monocytes and exert anti-oxidative and anti-inflammatory effects (Ruiz-Limon et al., 2015). Atorvastatin can restore T cell signalling and reduce the levels of IL-6 and IL-10 (Jury et al., 2006), but its effects on SLE disease activity were controversial in a double-blind randomized clinical trial (Fatemi et al., 2014). In a 11- year follow-up cohort, statins could reduce the risk of mortality, CVD and end-stage renal disease only in SLE patients with high disease activity (Yu et al., 2015).
FA Supplements
Oral fish oil (FO) can upregulate the levels of IL-13, downregulate the levels of IL-12 and restore systemic inflammation in SLE patients (Arriens et al., 2015). N-3 FAs can upregulate adiponectin in SLE patients (Lozovoy et al., 2015). Both FO and N-3 FAs can promote macrophage uptake of apoptotic cells and decrease the levels of CD4+ T infiltration in the kidney, with the latter effect leading to relief of renal disease (Itoh et al., 2007; Shirai and Suzuki, 2008). Beyond the recommended doses, DHA and EPA extended the lifespan in a dose-dependent manner, downregulated the levels of anti-dsDNA antibodies and the pro-inflammatory cytokines IL-1β, IL-6, and TNF-α, and attenuated glomerulonephritis in SLE patients (Halade et al., 2013). Peripheral blood mononuclear cells (PBMCs) pre-exposed to EPA or DHA reduced the expression of IL-1β, IL-2 and TNF-α in both SLE patients and healthy controls after stimulation with methylmercury (MeHg). N-3 long-chain PUFAs can reduce the extent of the inflammatory response, and their anti-inflammatory effects are more effective in PBMCs from healthy controls than in PBMCs from SLE patients (Crowe et al., 2018).
LIPID METABOLISM DISORDERS IN RA
RA is a chronic inflammatory autoimmune disease affecting 0.5–1% of the population (Symmons et al., 2002). The disorder of HDL, LDL and TC levels has been reported in the active course of RA (Choy and Sattar, 2009), and a higher prevalence of dyslipidaemia was observed in RA patients (Garcia-Gomez et al., 2009). Moreover, lipid abnormalities are associated with systemic inflammation in RA patients (Dessie et al., 2020). Based on the study of female RA patients and age-matched non-RA female controls, the relationship between lipid metabolism and skeletal muscle mass was found in RA, and it’s independent of disease severity and body fat mass (Matsumoto et al., 2020).
Dyslipidaemia in RA
HDL anti-oxidant capacity is negatively correlated with RA disease activity. Oxidation rates were 56% higher in RA patients with high inflammation (Gomez Rosso et al., 2014). Pro-oxidant HDL was increased more than five times in RA patients compared to normal controls (McMahon et al., 2006). High levels of HDL were correlated with erythrocyte sedimentation rate (ESR), high sensitivity C-reactive protein (hsCRP) and Disease Activity Score in 28 joints (DAS28) (Charles-Schoeman et al., 2009). A reduction of cholesterol efflux capacity was observed in RA patients with high DAS28 scores (Charles-Schoeman et al., 2012).
The levels of serum ox-LDLs (Kim et al., 2004; Vuilleumier et al., 2010) and anti-apoA-1 IgG (Kim et al., 2004) are also associated with RA disease activity. Increased levels of ox-LDLs were found in synovial fluid (Dai et al., 2000) and synovium (Winyard et al., 1993) and were positively correlated with IMT in RA patients with CVD (Ahmed et al., 2010). In addition, anti-apoA-1 IgG appears to be independent of traditional CVD risk factors and therapeutic effects. Therefore, measurement of lipid profiles and identification of inflammatory status might help us to assess the development of diseases.
Moreover, liver X receptor α (LXRα) mediated key lipogenic enzymes, such as fatty acid translocase (CD36/FAT), lipoprotein lipase (LPL), adipocyte fatty acid-binding protein (aP2/FABP4) and cholesterol 7α and 27α hydroxylase (CYP7A, CYP27 A), can aggravate dyslipidaemia in adjuvant-induced arthritis (Xie et al., 2021). And repress LXRα agonism enables to reverse the dyslipidaemia in RA. This study indicates a potential therapy target to develop new drugs against RA with dyslipidaemia, further mechanisms need to be revealed.
FA Metabolism in RA
Lower serum FFAs are observed in newly diagnosed RA patients (Young et al., 2013). PGE2 was increased in the synovial fluid of RA patients and altered after treatment. Compared to non-steroidal anti-inflammatory drugs, steroids can elevate PGE2 levels (Hishinuma et al., 1999). High levels of LTB4 were also found in the SF of RA patients (Davidson et al., 1983). The LTB4 secretion capacity of neutrophils was enhanced, suggesting that it may be involved in the pathogenesis of RA (Elmgreen et al., 1987). LTB4 can also mediate the expression of IL-1β and TNFα in RA synovial fibroblasts (RASFs) (Xu et al., 2010) and influence the invasion and migration capacity of RASFs (Chen et al., 2010). Joint administration LTB4 contributes to bone loss by promoting osteoclast activity (Garcia et al., 1996). 15-Lipoxygenase (15-LOX) mRNA was detected in type B synoviocytes of RA patients and participated in the production of 15-HETE, which can be promoted by IL-4 and IL-1β (Liagre et al., 1999). Higher levels of pro-inflammatory cytokine IL-6 and IL-8, monocyte chemotactic 1 and growth-related oncogene α were secreted by FFAs-stimulated osteoblasts from RA patients (Frommer et al., 2019). And no association was found with Wnt signalling pathway and receptor activator of nuclear kappa B ligand (RANKL). Instead, inhibiting TLR-4 can remarkably reduce PA-induced IL-8 secretion, but no effects were found with blocking TLR-2. Thus, the FFA signalling for osteoblasts might be dependent on innate immune system and inflammation.
Potential Treatments Based on Lipid Metabolism in RA
Anti-Rheumatic Drugs
Dyslipidaemia can be reversed by anti-inflammatory and anti-rheumatic drugs in RA patients without using statins (Garcia-Gomez et al., 2009; Steiner and Urowitz, 2009). Glucocorticoid treatment can elevate HDL levels and reduce the risk of CVD (Hahn et al., 2007). However, the activity of cholesteryl ester transfer protein is still low in RA patients treated with glucocorticoid therapy (Ferraz-Amaro et al., 2013). Rituximab and anti-TNF therapies can increase the levels of ox-LDLs temporarily at three months and can also increase the level of Apo A-1 (Ajeganova et al., 2011). RA patients treated with methotrexate (MTX) or MTX combined with anti-TNF (Hjeltnes et al., 2013) or tocilizumab (Schultz et al., 2010) have lower levels of lipoproteins.
Statins
Statins can exert anti-inflammatory and anti-oxidative effects in normal controls (McMahon and Brahn, 2008), which can inhibit co-stimulatory factors on the surface of antigen-presenting cells and IFN γ-induced Class II major histocompatibility complex (MHC) antigens on the surface of macrophages (Kwak et al., 2000). Atorvastatin can effectively reduce the anti-inflammatory effects of HDL (Charles-Schoeman et al., 2007). Overdosage of simvastatin can relieve arthritis inflammation in RA mouse models and downregulate the expression of pro-inflammatory cytokines (Leung et al., 2003).
FA Supplements
Anti-inflammatory effects of FO were demonstrated in RA (Kremer et al., 1985), especially for reducing the secretion of IL-1 by monocytes, restoring the concentrations of CRP and normalizing the chemotaxis of neutrophils. N-3 long-chain PUFA administration decreased the degree of swelling and the duration of morning stiffness (Berbert et al., 2005). FO and arachidonic acid (AA) supplementation decreased pro-inflammatory factors (LTB4 and prostaglandin metabolites) and improved joint pain in RA patients ((Adam et al., 2003), (Volker et al., 2000)). In addition, daily oral EPA and DHA can help RA patients reduce their NSAID dosage without deterioration of their condition (Galarraga et al., 2008). However, no significant clinical improvement was observed for low-dosage oral EPA and DHA (1.4 ± 0.2 g), and the effects may be dosage dependent (Remans et al., 2004). Meanwhile, activation of fatty acid sensing GPCR (Gpr84) or medium-chain FFAs supplementation are supposed to preventing the progression of osteoarthritis without cartilaginous side effect (Wang et al., 2020).
LIPID METABOLISM DISORDERS IN SSC
SSc is a devasting autoimmune disease that involves vascular damage and progressive fibrosis of internal organs (Denton and Khanna, 2017). Adipose tissue loss and oxidative stress contribute to fibrosis.
Dyslipidaemia in SSc
Lower levels of HDL-C and higher levels of LDL were found in SSc patients (Tsifetaki et al., 2010), and carotid artery IMTs were also significantly higher. Lipoprotein(a) is synergy with prothrombotic conditions in the pathogenesis of vascular damage in SSc (Lippi et al., 2006). The ox-LDL/β2GPI complex is induced by oxidative stress and participates in autoimmune vascular inflammation in SSc (Lopez et al., 2005).
Adipose Tissue in SSc
Atrophied intradermal adipose tissue, first observed in 1972, is replaced by fibrosis during skin induration in SSc patients (Fleischmajer et al., 1972). In addition, downregulated adipogenic markers (Wu et al., 2009; Marangoni et al., 2015) peroxisome proliferator activated receptor-γ2 (PPARγ2), fatty acid-binding protein 4 (FABP4) and adiponectin) as well as reduced thickness and total volume of dermal white adipose tissue (dWAT) (Kasza et al., 2016) were detected in skin from scleroderma mouse models. Adipose tissue plays critical roles in the pro-oxidative/anti-oxidative system (Winsz-Szczotka et al., 2016), the latter is also identified as a major cause of vascular damage in SSc (Bruckdorfer et al., 1995; Sambo et al., 2001). Oxidative injury, such as lipid peroxidation, leads to structural and functional disorders of the erythrocyte membrane and contributes to microvascular damage (Solans et al., 2000).
FAs in SSc
Numerous studies have reported that FAs and their metabolites are involved in fibrosis. Upregulated LTB4 (Kowal-Bielecka et al., 2003; Kowal-Bielecka et al., 2005) and leukotriene E4 (LTE4) (Kowal-Bielecka et al., 2003) were found in bronchoalveolar lavage (BAL) fluid from SSc patients and were revealed to be parameters of inflammation in the lungs. LOX plays a critical role in the process of leukotriene synthesis. 5-LOX-derived leukotrienes were involved in the development of lung fibrosis in bleomycin-induced mouse models (Beller et al., 2004), and the fibrosis index was alleviated in 5-LOX knockout mice (Selman et al., 2004). Unlike the function of the leukotriene subfamily, PGE2 (Wilborn et al., 1995) and Prostaglandin I2 (PGI2) (Soberman and Christmas, 2006) are antifibrogenic, while PGF2α (Oga et al., 2009) is profibrogenic. In vitro, PGI2 analogues (iloprost, treprostinil and beraprost) can affect TH cell differentiation programmes and promote TH 17 cell responses in SSc PBMCs (Truchetet et al., 2012). Upregulated PGF2α synthesis promotes the development of fibrosis in a bleomycin-induced mouse model (Kanno et al., 2013).
Murine 12/15-LOX and human 15-LOX are enzymes that regulate AA metabolism. The 12/15-LOX pathway was well studied in two types of mouse models of dermal fibrosis (tight skin model and bleomycin-induced mouse model) (Kronke et al., 2012), which revealed that 12/15-LOX-deficient mice have a higher susceptibility to dermal fibrosis than WT mice. Moreover, 12/15-LOX-deficient fibroblast cells are more responsive to TGF-β1 stimulation. These results fully proved that 12/15-LOX is a negative mediator of fibrosis.
Nitrated fatty acids (NFAs) could reverse myofibroblasts and enhance collagen uptake by alveolar macrophages in a mouse model of pulmonary fibrosis (Reddy et al., 2014). 8-Isoprostane, an oxidized lipid produced by oxidative stress, has been shown to be correlated with parameters of vascular damage and pulmonary fibrosis in SSc patients (Tsou et al., 2015). Different levels of metabolites involved in FA oxidation processes were observed in both the blood and immune cells (plasma and DCs) of SSc patients compared to healthy controls. Alternation of these metabolites increased the production of pro-inflammatory cytokines IL6 which further promote fibrosis process (Ottria et al., 2020).
Potential Treatments Based on Lipid Metabolism in SSc
Statins
Vascular endothelial cells are a vital component of the vascular wall. Dysfunction of endothelial cells represents an early marker of multiple vasculopathy-like atherosclerosis and SSc. Statins could protect endothelial cells from various risk factors and enhance their function (Obama et al., 2004). Statin therapy downregulates chemokines and their receptors on endothelial cells, thus exerting an anti-inflammatory effect against vascular damage (Steffens and Mach, 2004). Endothelial-protective effects are dose- and duration-dependent in SSc (Kotyla, 2018). Statin administration leads to fibroblast apoptosis in vitro in models of fibrotic disorders (Tan et al., 1999; Rombouts et al., 2003).
FA Supplements
The beneficial antifibrotic and endothelial-protective effects of FAs (DHA, PEA and linoleic acid (LA)) were primarily explored in other fibrotic diseases (Chen et al., 2011; Bianchini et al., 2012; Kang et al., 2015). Downregulated matrix metalloproteinase-2 (MMP2), blocked mesenchymal-to-mesenchymal transition (MMT) and a reversed myofibroblast phenotype were revealed in DHA-exposed human prostate fibrocytes, thus inhibiting tumorigenesis (Bianchini et al., 2012). Lipid metabolism is largely downregulated in human kidney fibrosis samples, and deficiency of FA oxidation in tubule epithelial cells plays a critical role in metabolic reprogramming (Kang et al., 2015). Correcting lipid metabolism disorders effectively protects mice from tubulointerstitial fibrosis. FO supplementation can prevent cardiac fibrosis by activating the cyclic GMP/protein kinase G (cGMP/PKG) signalling pathway (Chen et al., 2011). Given that FO administration is well tolerated and safe in clinical practice, novel therapy trials should be applied to SSc.
LIPID METABOLISM DISORDERS IN IIM
IIMs are chronic autoimmune myopathies characterized by skeletal muscle weakness and fatigue. The major subgroups of IIM are polymyositis (PM), dermatomyositis (DM), inclusion body myositis (IBM) and immune-mediated necrotic myopathy (IMNM) (Mariampillai et al., 2018).
Dyslipidaemia in IIM
Dyslipidaemia is a common disorder in untreated DM patients and indicates a high risk of atherosclerosis (Wang et al., 2013). A negative correlation between CRP and HDL-C was found in DM patients, suggesting that inflammation may contribute to changes in the serum lipid profile. Sixty-five percent of juvenile DM patients were found to have quantitative subcutaneous fat loss, and 66% of these patients had hypertriglyceridemia (Verma et al., 2006). Whether both contribute to juvenile DM remains elusive. Cholesterol, low-density lipoprotein receptor (LDLR), very low-density lipoprotein receptor (VLDLR) and lipoprotein receptor-related protein (LRP) were increased in the muscle tissues of IBM patients (Jaworska-Wilczynska et al., 2002), which might be involved in the formation of vacuolated muscle fibres (VMF) by interacting with amyloid-β precursor protein (AβPP). The accumulation of LDLR and VLDLR may participate in the pathogenesis of IBM or repair and necrotizing processes.
FAs in IIM
Accumulated evidence has revealed that AA metabolites (mainly leukotriene and prostaglandin subfamilies) are involved in skeletal muscle repair, proliferation and differentiation (Prisk and Huard, 2003; Sun et al., 2009). LTB4, secreted by neutrophils, macrophages, dendritic cells and mast cells, is a powerful chemokine that induces myeloid leukocytes and is a potential marker of activated T cell migration to inflamed muscle tissues (Page et al., 2004). The LTB4 pathway was found to be upregulated in the skeletal muscle tissues of PM/DM patients and negatively correlated with muscle weakness and fatigue (Loell et al., 2013).
Lymphocyte inflammation plays a critical role in the pathogenesis of PM (Dalakas, 2015), and mechanistic target of rapamycin (mTOR) signalling participates in this process. mTOR interacts with inflammation and metabolism and strongly controls de novo synthesis of palmitoleic acid (PA). Thus, upregulated PA was proposed to be a novel marker of PM (Yin et al., 2017).
Potential Treatments Based on Lipid Metabolism in IIM
Anti-Rheumatic Drugs
Treatment with immunosuppressive agents in adult DM/PM patients can significantly dysregulate the expression of lipid metabolism-related genes (Loell et al., 2016), such as upregulation of FA uptake and transport genes (fatty acid-binding protein 7 and subfamily D member 2) and lipolysis genes (lipoprotein lipase, carboxylesterase 1 and hormone-sensitive lipase) and downregulation of anti-lipolysis genes (lipid storage droplet protein), which suggests enhanced generation of free FAs and intramuscular lipid accumulation, leading to skeletal muscle dysfunction.
FA Supplements
Oral FO can improve muscle function and strength in elderly women and improve muscle weakness and fatigue in myositis patients (Rodacki et al., 2012). 5-Lipoxygenase activating protein (FLAP) is the determining leukotrienes synthesis protein (Back et al., 2007), including LTB4 synthesis (Borgeat and Naccache, 1990). However, immunosuppressive treatment of DM/PM cannot sufficiently suppress the LTB4 pathway, and FLAP inhibitors might be an ideal choice; this possibility requires further investigation.
LIPID METABOLISM DISORDERS IN PSS
Primary Sjögren’s syndrome (pSS) is an autoimmune disease characterized by progressive lymphocytic infiltration into exocrine glands. pSS patients have a higher prevalence of metabolic disorders, such as dyslipidaemia and diabetes (Ramos-Casals et al., 2007; Kang and Lin, 2010). The relationship between metabolic disorders and pSS was first discovered in 1977 and described as ‘pseudo-SS’ (Goldman and Julian, 1977).
Dyslipidaemia in pSS
Dyslipidaemia was positively correlated with minor salivary gland morphological changes in xerostomic patients (Lukach et al., 2014). These altered lipid profiles are associated with high levels of ESR (Cruz et al., 2010), and hypercholesterolemia is negatively correlated with immunological markers (complement C3, complement C4, anti-Ro and anti-La) (Ramos-Casals et al., 2007). Thus, lipid profiles might be valuable for evaluating disease activity.
FAs in pSS
A link between palmitic acid levels in the blood and the pathogenesis of pSS was revealed (Shikama et al., 2013). Palmitic acid is involved in the differentiation of CD4+ T cells and induces IL-6 production (Rincon et al., 1997), thus promoting local inflammation and monocyte infiltration in the salivary glands (Sekiguchi et al., 2008). High levels of palmitic acid can also induce epithelial cell apoptosis in the salivary glands (Miller et al., 2005), leading to an elevated level of α-fodrin fragment, which is an auto-antigen in the pathogenesis of pSS (Haneji et al., 1997). In addition, a high-fat diet leads to advanced inflammation in the salivary glands and an elevated titre of auto-antibodies in a mouse model of pSS (Haneji et al., 1994).
Potential Treatments Based on Lipid Metabolism in pSS
Anti-Rheumatic Drugs
In pSS patients, hydroxychloroquine (HCQ) administration reverses the disorder of TG and HDL levels (Migkos et al., 2014), which are strongly correlated with the risk of atherogenesis. This implies that dyslipidaemia is a specific symptom in the pSS population, rather an independent risk factor for atherogenesis.
FA Supplements
Lipid-related molecules are beneficial for the salivary glands both in vitro and in vivo. DHA can inhibit palmitic acid-induced IL-6 and IL-8 production (Shikama et al., 2015). The RvD1 biosynthetic pathway was shown to exist in murine and human salivary gland cells (Leigh et al., 2014), and its biosynthesis-related mediators are quite different in salivary gland cells from pSS patients than in those from normal controls. RvD1 can inhibit TNF-α-mediated inflammation, increase cell polarity and enhance the barrier function of salivary glands (Odusanwo et al., 2012; Nelson et al., 2014). Therefore, DHA supplementation may be a novel therapy for pSS patients (Table 1).
TABLE 1 | Dyslipidaemia in rheumatic diseases.
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Altered lipid profiles are common in rheumatic diseases. Dyslipidaemia, a traditional risk factor for atherosclerosis, participates in the development of rheumatic diseases. The coexistence of rheumatic diseases and atherosclerotic diseases increases the mortality of rheumatic diseases. Statin agents not only lower atherosclerotic risk but also seem to be immunomodulators of rheumatic diseases. FA metabolism also plays critical roles. How altered FAs and their metabolites regulate inflammation and exert other specific effects remains unknown. Vascular damage in autoimmune diseases is partly caused by the oxidation of FAs and their metabolites. Lipid metabolism can directly influence T cell (de Jong et al., 2014) and macrophage (Galvan-Pena and O'Neill, 2014) function. CTLA-4, ICOS molecules and lipid synthesis pathways are defective in raptor-deficient regulatory T (Treg) cells (Zeng et al., 2013).
Little is known about the interactions among lipid metabolism, immune cell function and rheumatic diseases. Immunometabolism may be vital in the development of rheumatic diseases. Given the importance of lipid profiles and metabolism, further investigations about mechanism and therapeutic strategies are urgently needed.
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GLOSSARY
ATF-3 activating transcription factor 3
AβPP amyloid-β precursor protein
BAL bronchoalveolar lavage
cGMP/PKG cyclic GMP/protein kinase G
CRP C-reactive protein
CVD cardiovascular disease
DAS28 disease Activity Score in 28 joints
DM dermatomyositis
dWAT dermal white adipose tissue
ESR erythrocyte sedimentation rate
FA fatty acid
FABP4 fatty acid-binding protein 4
FAT fatty acid translocase
FFA free fatty acids
FO fish oil
HCQ hydroxychloroquine
HDL high-density lipoprotein;
hsCRP high sensitivity C-reactive protein
IBM inclusion body myositis
IFN-γ interferon-γ
IIM idiopathic inflammatory myopathy
IMNM immune-mediated necrotic myopathy
IMT intima-media thickness
LDL low-density lipoprotein
LDLR low-density lipoprotein receptor
LN lupus nephritis
LPL lipoprotein lipase
LRP lipoprotein receptor-related protein
LTB4 leukotriene B4
LTE4 leukotriene E4
LXRα liver X receptor α
MHC Class II major histocompatibility complex
MMP2 matrix metalloproteinase-2
MMT mesenchymal-to-mesenchymal transition
mTOR mechanistic target of rapamycin
MTX methotrexate
oX-LDL oxidized LDL
PBMCs peripheral blood mononuclear cells
PGD2 Prostaglandin D2
PGE2 Prostaglandin E2
PGI2 Prostaglandin I2
pi-HDL Pro-inflammatory HDL
PM polymyositis
PON-1 Paraoxonase-I
PPARγ2 peroxisome proliferator activated receptor-γ2
PPP the pentose phosphate pathway
pSS Sjögren's syndrome
PUFAs polyunsaturated fatty acids
RA rheumatoid arthritis
RANKL receptor activator of nuclear kappa B ligand
RASF RA synovial fibroblasts
RvD1 Resolvin D1
SLE systemic lupus erythematous
SLEDAI SLE disease activity index
SSc systemic sclerosis
TC total cholesterol
TCA the tricarboxylic acid
TG triglyceride
TLR Toll-like receptor
VLDLR very low-density lipoprotein receptor
VMF vacuolated muscle
REFERENCES
 Adam, O., Beringer, C., Kless, T., Lemmen, C., Adam, A., Wiseman, M., et al. (2003). Anti-inflammatory effects of a low arachidonic acid diet and fish oil in patients with rheumatoid arthritis. Rheumatol. Int. 23 (1), 27–36. doi:10.1007/s00296-002-0234-7
 Ahmed, H. M., Youssef, M., and Mosaad, Y. M. (2010). Antibodies against oxidized low-density lipoprotein are associated with subclinical atherosclerosis in recent-onset rheumatoid arthritis. Clin. Rheumatol. 29 (11), 1237–1243. doi:10.1007/s10067-010-1436-0
 Ajeganova, S., Fiskesund, R., de Faire, U., Hafstrom, I., and Frostegard, J. (2011). Effect of biological therapy on levels of atheroprotective antibodies against phosphorylcholine and apolipoproteins in rheumatoid arthritis - a one year study. Clin. Exp. Rheumatol. 29 (6), 942–950.
 Arriens, C., Hynan, L. S., Lerman, R. H., Karp, D. R., and Mohan, C. (2015). Placebo-controlled randomized clinical trial of fish oil's impact on fatigue, quality of life, and disease activity in systemic lupus erythematosus. Nutr. J. 14, 82. doi:10.1186/s12937-015-0068-2
 Aviram, M., and Rosenblat, M. (2004). Paraoxonases 1, 2, and 3, oxidative stress, and macrophage foam cell formation during atherosclerosis development. Free Radic. Biol. Med. 37 (9), 1304–1316. doi:10.1016/j.freeradbiomed.2004.06.030
 Back, M., Sultan, A., Ovchinnikova, O., and Hansson, G. K. (2007). 5-Lipoxygenase-activating protein: a potential link between innate and adaptive immunity in atherosclerosis and adipose tissue inflammation. Circ. Res. 100 (7), 946–949. doi:10.1161/01.RES.0000264498.60702.0d
 Beller, T. C., Friend, D. S., Maekawa, A., Lam, B. K., Austen, K. F., and Kanaoka, Y. (2004). Cysteinyl leukotriene 1 receptor controls the severity of chronic pulmonary inflammation and fibrosis. Proc. Natl. Acad. Sci. United States. 101 (9), 3047–3052. doi:10.1073/pnas.0400235101
 Berbert, A. A., Kondo, C. R., Almendra, C. L., Matsuo, T., and Dichi, I. (2005). Supplementation of fish oil and olive oil in patients with rheumatoid arthritis. Nutri. 21 (2), 131–136. doi:10.1016/j.nut.2004.03.023
 Bianchini, F., Giannoni, E., Serni, S., Chiarugi, P., and Calorini, L. (2012). 22 : 6n-3 DHA inhibits differentiation of prostate fibroblasts into myofibroblasts and tumorigenesis. Br. J. Nutr. 108 (12), 2129–2137. doi:10.1017/S0007114512000359
 Black, L. L., Srivastava, R., Schoeb, T. R., Moore, R. D., Barnes, S., and Kabarowski, J. H. (2015). Cholesterol-independent suppression of lymphocyte activation, autoimmunity, and glomerulonephritis by apolipoprotein A-I in normocholesterolemic lupus-prone mice. J. Immunol. 195 (10), 4685–4698. doi:10.4049/jimmunol.1500806
 Borba, E. F., and Bonfa, E. (1997). Dyslipoproteinemias in systemic lupus erythematosus: influence of disease, activity, and anticardiolipin antibodies. Lupus 6 (6), 533–539. doi:10.1177/096120339700600610
 Borgeat, P., and Naccache, P. H. (1990). Biosynthesis and biological activity of leukotriene B4. Clin. Biochem. 23 (5), 459–468. doi:10.1016/0009-9120(90)90272-v
 Bruckdorfer, K. R., Hillary, J. B., Bunce, T., Vancheeswaran, R., and Black, C. M. (1995). Increased susceptibility to oxidation of low-density lipoproteins isolated from patients with systemic sclerosis. Arthritis Rheum. 38 (8), 1060–1067. doi:10.1002/art.1780380807
 Charles-Schoeman, C., Khanna, D., Furst, D. E., McMahon, M., Reddy, S. T., et al. (2007). Effects of high-dose atorvastatin on antiinflammatory properties of high density lipoprotein in patients with rheumatoid arthritis: a pilot study. J. Rheumatol. 34 (7), 1459–1464.
 Charles-Schoeman, C., Watanabe, J., Lee, Y. Y., Furst, D. E., Amjadi, S., Elashoff, D., et al. (2009). Abnormal function of high-density lipoprotein is associated with poor disease control and an altered protein cargo in rheumatoid arthritis. Arthritis Rheum. 60 (10), 2870–2879. doi:10.1002/art.24802
 Charles-Schoeman, C., Lee, Y. Y., Grijalva, V., Amjadi, S., FitzGerald, J., Ranganath, V. K., et al. (2012). Cholesterol efflux by high density lipoproteins is impaired in patients with active rheumatoid arthritis. Ann. Rheum. Dis. 71 (7), 1157–1162. doi:10.1136/annrheumdis-2011-200493
 Chen, M., Lam, B. K., Luster, A. D., Zarini, S., Murphy, R. C., Bair, A. M., et al. (2010). Joint tissues amplify inflammation and alter their invasive behavior via leukotriene B4 in experimental inflammatory arthritis. J. Immunol. 185 (9), 5503–5511. doi:10.4049/jimmunol.1001258
 Chen, J., Shearer, G. C., Chen, Q., Healy, C. L., Beyer, A. J., Nareddy, V. B., et al. (2011). Omega-3 fatty acids prevent pressure overload-induced cardiac fibrosis through activation of cyclic GMP/protein kinase G signaling in cardiac fibroblasts. Circulation 123 (6), 584–593. doi:10.1161/CIRCULATIONAHA.110.971853
 Chong, Y. B., Yap, D. Y., Tang, C. S., and Chan, T. M. (2011). Dyslipidaemia in patients with lupus nephritis. Nephrology (Carlton) 16 (5), 511–517. doi:10.1111/j.1440-1797.2011.01456.x
 Choy, E., and Sattar, N. (2009). Interpreting lipid levels in the context of high-grade inflammatory states with a focus on rheumatoid arthritis: a challenge to conventional cardiovascular risk actions. Ann. Rheum. Dis. 68 (4), 460–469. doi:10.1136/ard.2008.101964
 Croca, S., Bassett, P., Chambers, S., Davari, M., Alber, K. F., Leach, O., et al. (2015). IgG anti-apolipoprotein A-1 antibodies in patients with systemic lupus erythematosus are associated with disease activity and corticosteroid therapy: an observational study. Arthritis Res. Ther. 17, 26. doi:10.1186/s13075-015-0539-z
 Crowe, W., Allsopp, P. J., Nyland, J. F., Magee, P. J., Strain, J. J., Doherty, L. C., et al. (2018). Inflammatory response following in vitro exposure to methylmercury with and without n-3 long chain polyunsaturated fatty acids in peripheral blood mononuclear cells from systemic lupus erythematosus patients compared to healthy controls. Toxicol. Vitro 52, 272–278. doi:10.1016/j.tiv.2018.05.008
 Cruz, W., Fialho, S., Morato, E., Castro, G., Zimmermann, A., Ribeiro, G., et al. (2010). Is there a link between inflammation and abnormal lipoprotein profile in Sjogren's syndrome?. Jt. Bone Spine 77 (3), 229–231. doi:10.1016/j.jbspin.2010.02.011
 Dai, L., Lamb, D. J., Leake, D. S., Kus, M. L., Jones, H. W., Morris, C. J., et al. (2000). Evidence for oxidised low density lipoprotein in synovial fluid from rheumatoid arthritis patients. Free Radic. Res. 32 (6), 479–486. doi:10.1080/10715760000300481
 Dalakas, M. C. (2015). Inflammatory muscle diseases. N. Engl. J. Med. 373 (4), 393–394. doi:10.1056/NEJMc1506827
 Davidson, E. M., Rae, S. A., and Smith, M. J. (1983). Leukotriene B4, a mediator of inflammation present in synovial fluid in rheumatoid arthritis. Ann. Rheum. Dis. 42 (6), 677–679. doi:10.1136/ard.42.6.677
 de Jong, A. J., Kloppenburg, M., Toes, R. E., and Ioan-Facsinay, A. (2014). Fatty acids, lipid mediators, and T-cell function. Front. Immunol. 5, 483. doi:10.3389/fimmu.2014.00483
 De Nardo, D., Labzin, L. I., Kono, H., Seki, R., Schmidt, S. V., Beyer, M., et al. (2014). High-density lipoprotein mediates anti-inflammatory reprogramming of macrophages via the transcriptional regulator ATF3. Nat. Immunol. 15 (2), 152–160. doi:10.1038/ni.2784
 Delgado Alves, J., Kumar, S., and Isenberg, D. A. (2003). Cross-reactivity between anti-cardiolipin, anti-high-density lipoprotein and anti-apolipoprotein A-I IgG antibodies in patients with systemic lupus erythematosus and primary antiphospholipid syndrome. Rheumatology (Oxford) 42 (7), 893–899. doi:10.1093/rheumatology/keg248
 Denton, C. P., and Khanna, D. (2017). Systemic sclerosis. Lancet 390 (10103), 1685–1699. doi:10.1016/S0140-6736(17)30933-9
 Dessie, G., Tadesse, Y., Demelash, B., and Genet, S. (2020). Assessment of serum lipid profiles and high-sensitivity C-reactive protein among patients suffering from rheumatoid arthritis at tikur anbessa specialized hospital, addis ababa, Ethiopia: a cross-sectional study. Open Access Rheumatol. 12, 223–232. doi:10.2147/OARRR.S264466
 Durrington, P. N., Mackness, B., and Mackness, M. I. (2001). Paraoxonase and atherosclerosis. Arterioscler Thromb. Vasc. Biol. 21 (4), 473–480. doi:10.1161/01.atv.21.4.473
 Elmgreen, J., Nielsen, O. H., and Ahnfelt-Ronne, I. (1987). Enhanced capacity for release of leucotriene B4 by neutrophils in rheumatoid arthritis. Ann. Rheum. Dis. 46 (7), 501–505. doi:10.1136/ard.46.7.501
 Expert, E. (2001). Panel on detection and A. Treatment of high blood cholesterol in: executive summary of the third report of the national cholesterol education program (NCEP) expert panel on detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment panel III). JAMA 285 (19), 2486–2497. doi:10.1001/jama.285.19.2486
 Fatemi, A., Moosavi, M., Sayedbonakdar, Z., Farajzadegan, Z., Kazemi, M., and Smiley, A. (2014). Atorvastatin effect on systemic lupus erythematosus disease activity: a double-blind randomized clinical trial. Clin. Rheumatol. 33 (9), 1273–1278. doi:10.1007/s10067-014-2654-7
 Ferraz-Amaro, I., Gonzalez-Gay, M. A., Garcia-Dopico, J. A., and Diaz-Gonzalez, F. (2013). Cholesteryl ester transfer protein in patients with rheumatoid arthritis. J. Rheumatol. 40 (7), 1040–1047. doi:10.3899/jrheum.121507
 Fleischmajer, R., Damiano, V., and Nedwich, A. (1972). Alteration of subcutaneous tissue in systemic scleroderma. Arch. Dermatol. 105 (1), 59–66. |
 Frommer, K. W., Hasseli, R., Schaffler, A., Lange, U., Rehart, S., Steinmeyer, J., et al. (2019). Free fatty acids in bone pathophysiology of rheumatic diseases. Front. Immunol. 10, 2757. doi:10.3389/fimmu.2019.02757
 Gaal, K., Tarr, T., Lorincz, H., Borbas, V., Seres, I., Harangi, M., et al. (2016). High-density lipopoprotein antioxidant capacity, subpopulation distribution and paraoxonase-1 activity in patients with systemic lupus erythematosus. Lipids Health Dis. 15, 60. doi:10.1186/s12944-016-0229-0
 Galarraga, B., Ho, M., Youssef, H. M., Hill, A., McMahon, H., Hall, C., et al. (2008). Cod liver oil (n-3 fatty acids) as an non-steroidal anti-inflammatory drug sparing agent in rheumatoid arthritis. Rheumatology (Oxford) 47 (5), 665–669. doi:10.1093/rheumatology/ken024
 Galvan-Pena, S., and O'Neill, L. A. (2014). Metabolic reprograming in macrophage polarization. Front. Immunol. 5, 420. doi:10.3389/fimmu.2014.00420
 Garcia, C., Boyce, B. F., Gilles, J., Dallas, M., Qiao, M., Mundy, G. R., et al. (1996). Leukotriene B4 stimulates osteoclastic bone resorption both in vitro and in vivo. J. Bone Miner Res. 11 (11), 1619–1627. doi:10.1002/jbmr.5650111105
 Garcia-Gomez, C., Nolla, J. M., Valverde, J., Gomez-Gerique, J. A., Castro, M. J., and Pinto, X. (2009). Conventional lipid profile and lipoprotein(a) concentrations in treated patients with rheumatoid arthritis. J. Rheumatol. 36 (7), 1365–1370. doi:10.3899/jrheum.080928
 Goldman, J. A., and Julian, E. H. (1977). Pseudo-Sjogren syndrome with hyperlipoproteinemia. JAMA 237 (15), 1582–1584. |
 Gomez Rosso, L., Lhomme, M., Merono, T., Sorroche, P., Catoggio, L., Soriano, E., et al. (2014). Altered lipidome and antioxidative activity of small, dense HDL in normolipidemic rheumatoid arthritis: relevance of inflammation. Atherosclerosis 237 (2), 652–660. doi:10.1016/j.atherosclerosis.2014.09.034
 Hahn, B. H., Grossman, J., Chen, W., and McMahon, M. (2007). The pathogenesis of atherosclerosis in autoimmune rheumatic diseases: roles of inflammation and dyslipidemia. J. Autoimmun. 28 (2–3), 69–75. doi:10.1016/j.jaut.2007.02.004
 Hahn, B. H. (2010). Should antibodies to high-density lipoprotein cholesterol and its components be measured in all systemic lupus erythematosus patients to predict risk of atherosclerosis?. Arthritis Rheum. 62 (3), 639–642. doi:10.1002/art.27298
 Halade, G. V., Williams, P. J., Veigas, J. M., Barnes, J. L., and Fernandes, G. (2013). Concentrated fish oil (Lovaza(R)) extends lifespan and attenuates kidney disease in lupus-prone short-lived (NZBxNZW)F1 mice. Exp. Biol. Med. (Maywood) 238 (6), 610–622. doi:10.1177/1535370213489485
 Haneji, N., Hamano, H., Yanagi, K., and Hayashi, Y. (1994). A new animal model for primary Sjogren's syndrome in NFS/sld mutant mice. J. Immunol. 153 (6), 2769–2777.
 Haneji, N., Nakamura, T., Takio, K., Yanagi, K., Higashiyama, H., Saito, I., et al. (1997). Identification of alpha-fodrin as a candidate autoantigen in primary Sjogren's syndrome. Science 276 (5312), 604–607. doi:10.1126/science.276.5312.604
 Hansson, G. K. (2005). Inflammation, atherosclerosis, and coronary artery disease. N. Engl. J. Med. 352 (16), 1685–1695. doi:10.1056/NEJMra043430
 Hishinuma, T., Nakamura, H., Sawai, T., Uzuki, M., Itabash, Y., and Mizugaki, M. (1999). Microdetermination of prostaglandin E2 in joint fluid in rheumatoid arthritis patients using gas chromatography/selected ion monitoring. Prostaglandins Other Lipid Mediat 58 (2–4), 179–186. doi:10.1016/s0090-6980(99)00028-3
 Hjeltnes, G., Hollan, I., Forre, O., Wiik, A., Lyberg, T., Mikkelsen, K., et al. (2013). Serum levels of lipoprotein(a) and E-selectin are reduced in rheumatoid arthritis patients treated with methotrexate or methotrexate in combination with TNF-alpha-inhibitor. Clin. Exp. Rheumatol. 31 (3), 415–421.
 Itoh, M., Suganami, T., Satoh, N., Tanimoto-Koyama, K., Yuan, X., Tanaka, M., et al. (2007). Increased adiponectin secretion by highly purified eicosapentaenoic acid in rodent models of obesity and human obese subjects. Arterioscler Thromb. Vasc. Biol. 27 (9), 1918–1925. doi:10.1161/ATVBAHA.106.136853
 Jaworska-Wilczynska, M., Wilczynski, G. M., Engel, W. K., Strickland, D. K., Weisgraber, K. H., and Askanas, V. (2002). Three lipoprotein receptors and cholesterol in inclusion-body myositis muscle. Neurology 58 (3), 438–445. doi:10.1212/wnl.58.3.438
 Jury, E. C., Isenberg, D. A., Mauri, C., and Ehrenstein, M. R. (2006). Atorvastatin restores Lck expression and lipid raft-associated signaling in T cells from patients with systemic lupus erythematosus. J. Immunol. 177 (10), 7416–7422. doi:10.4049/jimmunol.177.10.7416
 Kang, J. H., and Lin, H. C. (2010). Comorbidities in patients with primary Sjogren's syndrome: a registry-based case-control study. J. Rheumatol. 37 (6), 1188–1194. doi:10.3899/jrheum.090942
 Kang, H. M., Ahn, S. H., Choi, P., Ko, Y. A., Han, S. H., Chinga, F., et al. (2015). Defective fatty acid oxidation in renal tubular epithelial cells has a key role in kidney fibrosis development. Nat. Med. 21 (1), 37–46. doi:10.1038/nm.3762
 Kanno, Y., Kawashita, E., Kokado, A., Okada, K., Ueshima, S., Matsuo, O., et al. (2013). Alpha2-antiplasmin regulates the development of dermal fibrosis in mice by prostaglandin F(2alpha) synthesis through adipose triglyceride lipase/calcium-independent phospholipase A(2). Arthritis Rheum. 65 (2), 492–502. doi:10.1002/art.37767
 Kasza, I., Hernando, D., Roldan-Alzate, A., Alexander, C. M., and Reeder, S. B. (2016). Thermogenic profiling using magnetic resonance imaging of dermal and other adipose tissues. JCI Insight 1 (13), e87146. doi:10.1172/jci.insight.87146
 Kaul, A., Gordon, C., Crow, M. K., Touma, Z., Urowitz, M. B., van Vollenhoven, R., et al. (2016). Systemic lupus erythematosus. Nat. Rev. Dis. Primers 2, 16039. doi:10.1038/nrdp.2016.39
 Kim, S. H., Lee, C. K., Lee, E. Y., Park, S. Y., Cho, Y. S., Yoo, B., et al. (2004). Serum oxidized low-density lipoproteins in rheumatoid arthritis. Rheumatol. Int. 24 (4), 230–233. doi:10.1007/s00296-003-0358-4
 Kim, S. Y., Yu, M., Morin, E. E., Kang, J., Kaplan, M. J., and Schwendeman, A. (2020). High-density lipoprotein in lupus: disease biomarkers and potential therapeutic strategy. Arthritis Rheumatol. 72 (1), 20–30. doi:10.1002/art.41059
 Kiss, E., Seres, I., Tarr, T., Kocsis, Z., Szegedi, G., and Paragh, G. (2007). Reduced paraoxonase1 activity is a risk for atherosclerosis in patients with systemic lupus erythematosus. Ann. N. Y Acad. Sci. 1108, 83–91. doi:10.1196/annals.1422.009
 Kotyla, P. J. (2018). Short course of simvastatin has no effect on markers of endothelial activation in normolipidemic patients with systemic sclerosis. J. Int. Med. Res. 46 (5), 1893–1901. doi:10.1177/0300060518762681
 Kowal-Bielecka, O., Distler, O., Kowal, K., Siergiejko, Z., Chwiecko, J., Sulik, A., et al. (2003). Elevated levels of leukotriene B4 and leukotriene E4 in bronchoalveolar lavage fluid from patients with scleroderma lung disease. Arthritis Rheum. 48 (6), 1639–1646. doi:10.1002/art.11042
 Kowal-Bielecka, O., Kowal, K., Distler, O., Rojewska, J., Bodzenta-Lukaszyk, A., Michel, B. A., et al. (2005). Cyclooxygenase- and lipoxygenase-derived eicosanoids in bronchoalveolar lavage fluid from patients with scleroderma lung disease: an imbalance between proinflammatory and antiinflammatory lipid mediators. Arthritis Rheum. 52 (12), 3783–3791. doi:10.1002/art.21432
 Kremer, J. M., Bigauoette, J., Michalek, A. V., Timchalk, M. A., Lininger, L., Rynes, R. I., et al. (1985). Effects of manipulation of dietary fatty acids on clinical manifestations of rheumatoid arthritis. Lancet 1 (8422), 184–187. doi:10.1016/s0140-6736(85)92024-0
 Kronke, G., Reich, N., Scholtysek, C., Akhmetshina, A., Uderhardt, S., Zerr, P., et al. (2012). The 12/15-lipoxygenase pathway counteracts fibroblast activation and experimental fibrosis. Ann. Rheum. Dis. 71 (6), 1081–1087. doi:10.1136/annrheumdis-2011-200745
 Kwak, B., Mulhaupt, F., Myit, S., and Mach, F. (2000). Statins as a newly recognized type of immunomodulator. Nat. Med. 6 (12), 1399–1402. doi:10.1038/82219
 Leigh, N. J., Nelson, J. W., Mellas, R. E., Aguirre, A., and Baker, O. J. (2014). Expression of resolvin D1 biosynthetic pathways in salivary epithelium. J. Dent Res. 93 (3), 300–305. doi:10.1177/0022034513519108
 Leung, B. P., Sattar, N., Crilly, A., Prach, M., McCarey, D. W., Payne, H., et al. (2003). A novel anti-inflammatory role for simvastatin in inflammatory arthritis. J. Immunol. 170 (3), 1524–1530. doi:10.4049/jimmunol.170.3.1524
 Lewis, M. J., Malik, T. H., Fossati-Jimack, L., Carassiti, D., Cook, H. T., Haskard, D. O., et al. (2012). Distinct roles for complement in glomerulonephritis and atherosclerosis revealed in mice with a combination of lupus and hyperlipidemia. Arthritis Rheum. 64 (8), 2707–2718. doi:10.1002/art.34451
 Liagre, B., Vergne, P., Rigaud, M., and Beneytout, J. L. (1999). Arachidonate 15-lipoxygenase of reticulocyte-type in human rheumatoid arthritis type B synoviocytes and modulation of its activity by proinflammatory cytokines. J. Rheumatol. 26 (5), 1044–1051.
 Lippi, G., Caramaschi, P., Montagnana, M., Salvagno, G. L., Volpe, A., and Guidi, G. (2006). Lipoprotein[a] and the lipid profile in patients with systemic sclerosis. Clin. Chim. Acta 364 (1–2), 345–348. doi:10.1016/j.cca.2005.07.015
 Liu, L., Zhang, T., Ye, Y., Zhang, S., and Chen, L. (2014). [Analysis of traditional cardiovascular risk factors in patients with systemic lupus erythematosus]. Zhonghua Xin Xue Guan Bing Za Zhi 42 (9), 753–758.
 Loell, I., Alemo Munters, L., Pandya, J., Zong, M., Alexanderson, H., Fasth, A. E., et al. (2013). Activated LTB4 pathway in muscle tissue of patients with polymyositis or dermatomyositis. Ann. Rheum. Dis. 72 (2), 293–299. doi:10.1136/annrheumdis-2012-201294
 Loell, I., Raouf, J., Chen, Y. W., Shi, R., Nennesmo, I., Alexanderson, H., et al. (2016). Effects on muscle tissue remodeling and lipid metabolism in muscle tissue from adult patients with polymyositis or dermatomyositis treated with immunosuppressive agents. Arthritis Res. Ther. 18 (1), 136. doi:10.1186/s13075-016-1033-y
 Lopez, L. R., Simpson, D. F., Hurley, B. L., and Matsuura, E. (2005). OxLDL/beta2GPI complexes and autoantibodies in patients with systemic lupus erythematosus, systemic sclerosis, and antiphospholipid syndrome: pathogenic implications for vascular involvement. Ann. N. Y Acad. Sci. 1051, 313–322. doi:10.1196/annals.1361.073
 Lozovoy, M. A., Simao, A. N., Morimoto, H. K., Scavuzzi, B. M., Iriyoda, T. V., Reiche, E. M., et al. (2015). Fish oil N-3 fatty acids increase adiponectin and decrease leptin levels in patients with systemic lupus erythematosus. Mar. Drugs 13 (2), 1071–1083. doi:10.3390/md13021071
 Lukach, L., Maly, A., Zini, A., and Aframian, D. J. (2014). Morphometrical study of minor salivary gland in xerostomic patients with altered lipid metabolism. Oral Dis. 20 (7), 714–719. doi:10.1111/odi.12195
 Mackness, M. I., Arrol, S., and Durrington, P. N. (1991). Paraoxonase prevents accumulation of lipoperoxides in low-density lipoprotein. FEBS Lett. 286 (1–2), 152–154. doi:10.1016/0014-5793(91)80962-3
 Manzi, S., Meilahn, E. N., Rairie, J. E., Conte, C. G., Medsger, T. A., Jansen-McWilliams, L., et al. (1997). Age-specific incidence rates of myocardial infarction and angina in women with systemic lupus erythematosus: comparison with the framingham study. Am. J. Epidemiol. 145 (5), 408–415. doi:10.1093/oxfordjournals.aje.a009122
 Manzi, S., Selzer, F., Sutton-Tyrrell, K., Fitzgerald, S. G., Rairie, J. E, Tracy, R. P., et al. (1999). Prevalence and risk factors of carotid plaque in women with systemic lupus erythematosus. Arthritis Rheum. 42 (1), 51–60. doi:10.1002/1529-0131(199901)42
 Marangoni, R. G., Korman, B. D., Wei, J., Wood, T. A., Graham, L. V., Whitfield, M. L., et al. (2015). Myofibroblasts in murine cutaneous fibrosis originate from adiponectin-positive intradermal progenitors. Arthritis Rheumatol. 67 (4), 1062–1073. doi:10.1002/art.38990
 Mariampillai, K., Granger, B., Amelin, D., Guiguet, M., Hachulla, E., Maurier, F., et al. (2018). Development of a new classification system for idiopathic inflammatory myopathies based on clinical manifestations and myositis-specific autoantibodies. JAMA Neurol. 75 (12), 1528–1537. doi:10.1001/jamaneurol.2018.2598
 Matsumoto, Y., Sugioka, Y., Tada, M., Okano, T., Mamoto, K., Inui, K., et al. (2020). Change in skeletal muscle mass is associated with lipid profiles in female rheumatoid arthritis patients -TOMORROW study. Clin. Nutr. doi:10.1016/j.clnu.2020.12.028
 McMahon, M., and Brahn, E. (2008). Inflammatory lipids as a target for therapy in the rheumatic diseases. Expert Opin. Investig. Drugs 17 (8), 1213–1224. doi:10.1517/13543784.17.8.1213
 McMahon, M., Grossman, J., FitzGerald, J., Dahlin-Lee, E., Wallace, D. J., Thong, B. Y., et al. (2006). Proinflammatory high-density lipoprotein as a biomarker for atherosclerosis in patients with systemic lupus erythematosus and rheumatoid arthritis. Arthritis Rheum. 54 (8), 2541–2549. doi:10.1002/art.21976
 McMahon, M., Skaggs, B. J., Grossman, J. M., Sahakian, L., Fitzgerald, J., Wong, W. K., et al. (2014). A panel of biomarkers is associated with increased risk of the presence and progression of atherosclerosis in women with systemic lupus erythematosus. Arthritis Rheumatol. 66 (1), 130–139. doi:10.1002/art.38204
 Migkos, M. P., Markatseli, T. E., Iliou, C., Voulgari, P. V., and Drosos, A. A. (2014). Effect of hydroxychloroquine on the lipid profile of patients with Sjogren syndrome. J. Rheumatol. 41 (5), 902–908. doi:10.3899/jrheum.131156
 Miller, T. A., LeBrasseur, N. K., Cote, G. M., Trucillo, M. P., Pimentel, D. R., Ido, Y., et al. (2005). Oleate prevents palmitate-induced cytotoxic stress in cardiac myocytes. Biochem. Biophys. Res. Commun. 336 (1), 309–315. doi:10.1016/j.bbrc.2005.08.088
 Narshi, C. B., Giles, I. P., and Rahman, A. (2011). The endothelium: an interface between autoimmunity and atherosclerosis in systemic lupus erythematosus?. Lupus 20 (1), 5–13. doi:10.1177/0961203310382429
 Navab, M., Ananthramaiah, G. M., Reddy, S. T., Van Lenten, B. J., Ansell, B. J., Fonarow, G. C., et al. (2004). The oxidation hypothesis of atherogenesis: the role of oxidized phospholipids and HDL. J. Lipid Res. 45 (6), 993–1007. doi:10.1194/jlr.R400001-JLR200
 Navarini, L., Bisogno, T., Margiotta, D. P. E., Piccoli, A., Angeletti, S., Laudisio, A., et al. (2018). Role of the specialized proresolving mediator resolvin D1 in systemic lupus erythematosus: preliminary results. J. Immunol. Res. 2018, 5264195. doi:10.1155/2018/5264195
 Nelson, J. W., Leigh, N. J., Mellas, R. E., McCall, A. D., Aguirre, A., and Baker, O. J. (2014). ALX/FPR2 receptor for RvD1 is expressed and functional in salivary glands. Am. J. Physiol. Cell Physiol 306 (2), C178–C185. doi:10.1152/ajpcell.00284.2013
 Nilsson, J., and Hansson, G. K. (2008). Autoimmunity in atherosclerosis: a protective response losing control?. J. Intern. Med. 263 (5), 464–478. doi:10.1111/j.1365-2796.2008.01945.x
 Obama, R., Ishida, H., Takizawa, S., Tsuji, C., Nakazawa, H., and Shinohara, Y. (2004). Direct inhibition by a statin of TNFalpha-induced leukocyte recruitment in rat pial venules - in vivo confocal microscopic study. Pathophysiology 11 (2), 121–128. doi:10.1016/j.pathophys.2004.07.001
 Odusanwo, O., Chinthamani, S., McCall, A., Duffey, M. E., and Baker, O. J. (2012). Resolvin D1 prevents TNF-alpha-mediated disruption of salivary epithelial formation. Am. J. Physiol. Cell Physiol 302 (9), C1331–C1345. doi:10.1152/ajpcell.00207.2011
 Oga, T., Matsuoka, T., Yao, C., Nonomura, K., Kitaoka, S., Sakata, D., et al. (2009). Prostaglandin F(2alpha) receptor signaling facilitates bleomycin-induced pulmonary fibrosis independently of transforming growth factor-beta. Nat. Med. 15 (12), 1426–1430. doi:10.1038/nm.2066
 O'Neill, S. G., Giles, I., Lambrianides, A., Manson, J., D'Cruz, D., Schrieber, L., et al. (2010). Antibodies to apolipoprotein A-I, high-density lipoprotein, and C-reactive protein are associated with disease activity in patients with systemic lupus erythematosus. Arthritis Rheum. 62 (3), 845–854. doi:10.1002/art.27286
 Ottria, A., Hoekstra, A. T., Zimmermann, M., van der Kroef, M., Vazirpanah, N., Cossu, M., et al. (2020). Fatty acid and carnitine metabolism are dysregulated in systemic sclerosis patients. Front. Immunol. 11, 822. doi:10.3389/fimmu.2020.00822
 Page, G., Chevrel, G., and Miossec, P. (2004). Anatomic localization of immature and mature dendritic cell subsets in dermatomyositis and polymyositis: interaction with chemokines and Th1 cytokine-producing cells. Arthritis Rheum. 50 (1), 199–208. doi: doi:10.1002/art.11428
 Park, S. H., Park, J. H., Kang, J. S., and Kang, Y. H. (2003). Involvement of transcription factors in plasma HDL protection against TNF-alpha-induced vascular cell adhesion molecule-1 expression. Int. J. Biochem. Cell Biol. 35. (2), 168–182. doi:10.1016/s1357-2725(02)00173-5
 Pellefigues, C., Dema, B., Lamri, Y., Saidoune, F., Chavarot, N., Loheac, C., et al. (2018). Prostaglandin D2 amplifies lupus disease through basophil accumulation in lymphoid organs. Nat. Commun. 9 (1), 725. doi:10.1038/s41467-018-03129-8
 Peradze, N., Farr, O. M., and Mantzoros, C. S. (2019). Research developments in metabolism 2018. Metabolism 91, 70–79. doi:10.1016/j.metabol.2018.11.011
 Prisk, V., and Huard, J. (2003). Muscle injuries and repair: the role of prostaglandins and inflammation. Histol. Histopathol . 18 (4), 1243–1256. doi:10.14670/HH-18.1243
 Radwan, M. M., El-Lebedy, D., Fouda, R., and Elsorougy, E. (2014). Anti-apolipoprotein A-1 antibodies and carotid intima-media thickness in Egyptian women with systemic lupus erythematosus. Clin. Rheumatol. 33 (4), 493–498. doi:10.1007/s10067-013-2399-8
 Ramos-Casals, M., Brito-Zeron, P., Siso, A., Vargas, A., Ros, E., Bove, A., et al. (2007). High prevalence of serum metabolic alterations in primary Sjogren's syndrome: influence on clinical and immunological expression. J. Rheumatol. 34 (4), 754–761.
 Reddy, A. T., Lakshmi, S. P., Zhang, Y., and Reddy, R. C. (2014). Nitrated fatty acids reverse pulmonary fibrosis by dedifferentiating myofibroblasts and promoting collagen uptake by alveolar macrophages. FASEB J. 28 (12), 5299–5310. doi:10.1096/fj.14-256263
 Remans, P. H., Sont, J. K., Wagenaar, L. W., Wouters-Wesseling, W., Zuijderduin, W. M., Jongma, A., et al. (2004). Nutrient supplementation with polyunsaturated fatty acids and micronutrients in rheumatoid arthritis: clinical and biochemical effects. Eur. J. Clin. Nutr. 58 (6), 839–845. doi:10.1038/sj.ejcn.1601883
 Rhoads, J. P., Major, A. S., and Rathmell, J. C. (2017). Fine tuning of immunometabolism for the treatment of rheumatic diseases. Nat. Rev. Rheumatol. 13 (5), 313–320. doi:10.1038/nrrheum.2017.54
 Rincon, M., Anguita, J., Nakamura, T., Fikrig, E., and Flavell, R. A. (1997). Interleukin (IL)-6 directs the differentiation of IL-4-producing CD4+ T cells. J. Exp. Med. 185 (3), 461–469. doi:10.1084/jem.185.3.461
 Rodacki, C. L., Rodacki, A. L., Pereira, G., Naliwaiko, K., Coelho, I., Pequito, D., et al. (2012). Fish-oil supplementation enhances the effects of strength training in elderly women. Am. J. Clin. Nutr. 95 (2), 428–436. doi:10.3945/ajcn.111.021915
 Rodriguez-Carrio, J., Lopez, P., Sanchez, B., Gonzalez, S., Gueimonde, M., Margolles, A., et al. (2017). Intestinal dysbiosis is associated with altered short-chain fatty acids and serum-free fatty acids in systemic lupus erythematosus. Front. Immunol. 8, 23. doi:10.3389/fimmu.2017.00023
 Rombouts, K., Kisanga, E., Hellemans, K., Wielant, A., Schuppan, D., and Geerts, A. (2003). Effect of HMG-CoA reductase inhibitors on proliferation and protein synthesis by rat hepatic stellate cells. J. Hepatol. 38 (5), 564–572. doi:10.1016/s0168-8278(03)00051-5
 Ruiz-Limon, P., Barbarroja, N., Perez-Sanchez, C., Aguirre, M. A., Bertolaccini, M. L., Khamashta, M. A., et al. (2015). Atherosclerosis and cardiovascular disease in systemic lupus erythematosus: effects of in vivo statin treatment. Ann. Rheum. Dis. 74 (7), 1450–1458. doi:10.1136/annrheumdis-2013-204351
 Ryu, H., and Chung, Y. (2018). Dyslipidemia promotes germinal center reactions via IL-27. BMB Rep. 51 (8), 371–372. doi:10.5483/BMBRep.2018.51.8.171
 Ryu, H., Lim, H., Choi, G., Park, Y. J., Cho, M., Na, H., et al. (2018). Atherogenic dyslipidemia promotes autoimmune follicular helper T cell responses via IL-27. Nat. Immunol. 19 (6), 583–593. doi:10.1038/s41590-018-0102-6
 Saemann, M. D., Poglitsch, M., Kopecky, C., Haidinger, M., Horl, W. H., and Weichhart, T. (2010). The versatility of HDL: a crucial anti-inflammatory regulator. Eur. J. Clin. Invest. 40 (12), 1131–1143. doi:10.1111/j.1365-2362.2010.02361.x
 Sambo, P., Baroni, S. S., Luchetti, M., Paroncini, P., Dusi, S., Orlandini, G., et al. (2001). Oxidative stress in scleroderma: maintenance of scleroderma fibroblast phenotype by the constitutive up-regulation of reactive oxygen species generation through the NADPH oxidase complex pathway. Arthritis Rheum. 44 (11), 2653–2664. doi:10.1002/1529-0131(200111)44:11<2653::aid-art445>3.0.co;2-1
 Schultz, O., Oberhauser, F., Saech, J., Rubbert-Roth, A., Hahn, M., Krone, W., et al. (2010). Effects of inhibition of interleukin-6 signalling on insulin sensitivity and lipoprotein (a) levels in human subjects with rheumatoid diseases. PLoS One 5 (12), e14328. doi:10.1371/journal.pone.0014328
 Sekiguchi, M., Iwasaki, T., Kitano, M., Kuno, H., Hashimoto, N., Kawahito, Y., et al. (2008). Role of sphingosine 1-phosphate in the pathogenesis of Sjogren's syndrome. J. Immunol. 180 (3), 1921–1928. doi:10.4049/jimmunol.180.3.1921
 Selman, M., Thannickal, V. J., Pardo, A., Zisman, D. A., Martinez, F. J., and Lynch, J. P. (2004). Idiopathic pulmonary fibrosis: pathogenesis and therapeutic approaches. Drugs 64 (4), 405–430. doi:10.2165/00003495-200464040-00005
 Shikama, Y., Ishimaru, N., Kudo, Y., Bando, Y., Aki, N., Hayashi, Y., et al. (2013). Effects of free fatty acids on human salivary gland epithelial cells. J. Dent Res. 92 (6), 540–546. doi:10.1177/0022034513487378
 Shikama, Y., Kudo, Y., Ishimaru, N., and Funaki, M. (2015). Possible involvement of palmitate in pathogenesis of periodontitis. J. Cell Physiol 230 (12), 2981–2989. doi:10.1002/jcp.25029
 Shirai, N., and Suzuki, H. (2008). Effects of simultaneous intakes of fish oil and green tea extracts on plasma, glucose, insulin, C-peptide, and adiponectin and on liver lipid concentrations in mice fed low- and high-fat diets. Ann. Nutr. Metab. 52 (3), 241–249. doi:10.1159/000140516
 Smith, C. K., Seto, N. L., Vivekanandan-Giri, A., Yuan, W., Playford, M. P., Manna, Z., et al. (2017). Lupus high-density lipoprotein induces proinflammatory responses in macrophages by binding lectin-like oxidised low-density lipoprotein receptor 1 and failing to promote activating transcription factor 3 activity. Ann. Rheum. Dis. 76 (3), 602–611. doi:10.1136/annrheumdis-2016-209683
 Soberman, R. J., and Christmas, P. (2006). Revisiting prostacyclin: new directions in pulmonary fibrosis and inflammation. Am. J. Physiol. Lung Cell Mol Physiol . 291 (2), L142–L143. doi:10.1152/ajplung.00102.2006
 Soep, J. B., Mietus-Snyder, M., Malloy, M. J., Witztum, J. L., and von Scheven, E. (2004). Assessment of atherosclerotic risk factors and endothelial function in children and young adults with pediatric-onset systemic lupus erythematosus. Arthritis Rheum. 51 (3), 451–457. doi:10.1002/art.20392
 Solans, R., Motta, C., Sola, R., Ville, A. E. L., Lima, J., Simeon, P., et al. (2000). Abnormalities of erythrocyte membrane fluidity, lipid composition, and lipid peroxidation in systemic sclerosis: evidence of free radical-mediated injury. Arthritis Rheum. 43 (4), 894–900. doi:10.1002/1529-0131(200004)43
 Steffens, S., and Mach, F. (2004). Anti-inflammatory properties of statins. Semin. Vasc. Med. 4 (4), 417–422. doi:10.1055/s-2004-869599
 Steiner, G., and Urowitz, M. B. (2009). Lipid profiles in patients with rheumatoid arthritis: mechanisms and the impact of treatment. Semin. Arthritis Rheum. 38 (5), 372–381. doi:10.1016/j.semarthrit.2008.01.015
 Sun, R., Ba, X., Cui, L., Xue, Y., and Zeng, X. (2009). Leukotriene B4 regulates proliferation and differentiation of cultured rat myoblasts via the BLT1 pathway. Mol. Cells 27 (4), 403–408. doi:10.1007/s10059-009-0053-8
 Svenungsson, E., Jensen-Urstad, K., Heimburger, M., Silveira, A., Hamsten, A., de Faire, U., et al. (2001). Risk factors for cardiovascular disease in systemic lupus erythematosus. Circulation 104 (16), 1887–1893. doi:10.1161/hc4101.097518
 Symmons, D., Turner, G., Webb, R., Asten, P., Barrett, E., Lunt, M., et al. (2002). The prevalence of rheumatoid arthritis in the United Kingdom: new estimates for a new century. Rheumatology (Oxford) 41 (7), 793–800. doi:10.1093/rheumatology/41.7.793
 Tan, A., Levrey, H., Dahm, C., Polunovsky, V. A., Rubins, J., and Bitterman, P. B. (1999). Lovastatin induces fibroblast apoptosis in vitro and in vivo. A possible therapy for fibroproliferative disorders. Am. J. Respir. Crit. Care Med. 159 (1), 220–227. doi:10.1164/ajrccm.159.1.9802104
 Truchetet, M. E., Allanore, Y., Montanari, E., Chizzolini, C., and Brembilla, N. C. (2012). Prostaglandin I(2) analogues enhance already exuberant Th17 cell responses in systemic sclerosis. Ann. Rheum. Dis. 71 (12), 2044–2050. doi:10.1136/annrheumdis-2012-201400
 Tselios, K., Koumaras, C., Gladman, D. D., and Urowitz, M. B. (2016). Dyslipidemia in systemic lupus erythematosus: just another comorbidity?. Semin. Arthritis Rheum. 45 (5), 604–610. doi:10.1016/j.semarthrit.2015.10.010
 Tsifetaki, N., Georgiadis, A. N., Alamanos, Y., Fanis, S., Argyropoulou, M. I., and Drosos, A. A. (2010). Subclinical atherosclerosis in scleroderma patients. Scand. J. Rheumatol. 39 (4), 326–329. doi:10.3109/03009741003605648
 Tsou, P. S., Amin, M. A., Campbell, P. L., Zakhem, G., Balogh, B., Edhayan, G., et al. (2015). Activation of the thromboxane A2 receptor by 8-isoprostane inhibits the pro-angiogenic effect of vascular endothelial growth factor in scleroderma. J. Invest. Dermatol. 135 (12), 3153–3162. doi:10.1038/jid.2015.323
 Urowitz, M. B., Gladman, D., Ibanez, D., Fortin, P., Sanchez-Guerrero, J., Bae, S., et al. (2007). Clinical manifestations and coronary artery disease risk factors at diagnosis of systemic lupus erythematosus: data from an international inception cohort. Lupus 16 (9), 731–735. doi:10.1177/0961203307081113
 Verma, S., Singh, S., Bhalla, A. K., and Khullar, M. (2006). Study of subcutaneous fat in children with juvenile dermatomyositis. Arthritis Rheum. 55 (4), 564–568. doi:10.1002/art.22108
 Volker, D., Fitzgerald, P., Major, G., and Garg, M. (2000). Efficacy of fish oil concentrate in the treatment of rheumatoid arthritis. J. Rheumatol. 27 (10), 2343–2346.
 Vuilleumier, N., Bratt, J., Alizadeh, R., Jogestrand, T., Hafstrom, I., and Frostegard, J. (2010). Anti-apoA-1 IgG and oxidized LDL are raised in rheumatoid arthritis (RA): potential associations with cardiovascular disease and RA disease activity. Scand. J. Rheumatol. 39 (6), 447–453. doi:10.3109/03009741003742755
 Wang, H., Tang, J., Chen, X., Li, F., and Luo, J. (2013). Lipid profiles in untreated patients with dermatomyositis. J. Eur. Acad. Dermatol. Venereol. 27 (2), 175–179. doi:10.1111/j.1468-3083.2011.04437.x
 Wang, F., Ma, L., Ding, Y., He, L., Chang, M., Shan, Y., et al. (2020). Fatty acid sensing GPCR (GPR84) signaling safeguards cartilage homeostasis and protects against osteoarthritis. Pharmacol. Res. 164, 105406. doi:10.1016/j.phrs.2020.105406
 Wigren, M., Nilsson, J., and Kaplan, M. J. (2015). Pathogenic immunity in systemic lupus erythematosus and atherosclerosis: common mechanisms and possible targets for intervention. J. Intern. Med. 278 (5), 494–506. doi:10.1111/joim.12357
 Wilborn, J., Crofford, L. J., Burdick, M. D., Kunkel, S. L., Strieter, R. M., and Peters-Golden, M. (1995). Cultured lung fibroblasts isolated from patients with idiopathic pulmonary fibrosis have a diminished capacity to synthesize prostaglandin E2 and to express cyclooxygenase-2. J. Clin. Invest. 95 (4), 1861–1868. doi:10.1172/JCI117866
 Winsz-Szczotka, K., Kuznik-Trocha, K., Komosinska-Vassev, K., Kucharz, E., Kotulska, A., and Olczyk, K. (2016). Relationship between adiponectin, leptin, IGF-1 and total lipid peroxides plasma concentrations in patients with systemic sclerosis: possible role in disease development. Int. J. Rheum. Dis. 19 (7), 706–714. doi:10.1111/1756-185X.12332
 Winyard, P. G., Tatzber, F., Esterbauer, H., Kus, M. L., Blake, D. R., and Morris, C. J. (1993). Presence of foam cells containing oxidised low density lipoprotein in the synovial membrane from patients with rheumatoid arthritis. Ann. Rheum. Dis. 52 (9), 677–680. doi:10.1136/ard.52.9.677
 Woo, J. M., Lin, Z., Navab, M., Van Dyck, C., Trejo-Lopez, Y., Woo, K. M., et al. (2010). Treatment with apolipoprotein A-1 mimetic peptide reduces lupus-like manifestations in a murine lupus model of accelerated atherosclerosis. Arthritis Res. Ther. 12 (3), R93. doi:10.1186/ar3020
 Wu, M., Melichian, D. S., Chang, E., Warner-Blankenship, M., Ghosh, A. K., and Varga, J. (2009). Rosiglitazone abrogates bleomycin-induced scleroderma and blocks profibrotic responses through peroxisome proliferator-activated receptor-gamma. Am. J. Pathol. 174 (2), 519–533. doi:10.2353/ajpath.2009.080574
 Wu, T., Xie, C., Han, J., Ye, Y., Weiel, J., Li, Q., et al. (2012). Metabolic disturbances associated with systemic lupus erythematosus. PLoS One 7 (6), e37210. doi:10.1371/journal.pone.0037210
 Wu, G. C., Liu, H. R., Leng, R. X., Li, X. P., Li, X. M., Pan, H. F., et al. (2016). Subclinical atherosclerosis in patients with systemic lupus erythematosus: a systemic review and meta-analysis. Autoimmun. Rev. 15 (1), 22–37. doi:10.1016/j.autrev.2015.10.002
 Xie, Y., Feng, S. L., Mai, C. T., Zheng, Y. F., Wang, H., Liu, Z. Q., et al. (2021). Suppression of up-regulated LXRalpha by silybin ameliorates experimental rheumatoid arthritis and abnormal lipid metabolism. Phytomedicine 80, 153339. doi:10.1016/j.phymed.2020.153339
 Xu, S., Lu, H., Lin, J., Chen, Z., and Jiang, D. (2010). Regulation of TNFalpha and IL1beta in rheumatoid arthritis synovial fibroblasts by leukotriene B4. Rheumatol. Int. 30 (9), 1183–1189. doi:10.1007/s00296-009-1125-y
 Yin, G., Wang, Y., Cen, X. M., Yang, Y., Yang, M., and Xie, Q. B. (2017). Identification of palmitoleic acid controlled by mTOR signaling as a biomarker of polymyositis. J. Immunol. Res. 2017, 3262384. doi:10.1155/2017/3262384
 Young, S. P., Kapoor, S. R., Viant, M. R., Byrne, J. J., Filer, A., Buckley, C. D., et al. (2013). The impact of inflammation on metabolomic profiles in patients with arthritis. Arthritis Rheum. 65 (8), 2015–2023. doi:10.1002/art.38021
 Yu, H. H., Chen, P. C., Yang, Y. H., Wang, L. C., Lee, J. H., Lin, Y. T., et al. (2015). Statin reduces mortality and morbidity in systemic lupus erythematosus patients with hyperlipidemia: a nationwide population-based cohort study. Atherosclerosis 243 (1), 11–18. doi:10.1016/j.atherosclerosis.2015.08.030
 Yuan, J., Li, L. I., Wang, Z., Song, W., and Zhang, Z. (2016). Dyslipidemia in patients with systemic lupus erythematosus: association with disease activity and B-type natriuretic peptide levels. Biomed. Rep. 4 (1), 68–72. doi:10.3892/br.2015.544
 Zeng, H., Yang, K., Cloer, C., Neale, G., Vogel, P., and Chi, H. (2013). mTORC1 couples immune signals and metabolic programming to establish T(reg)-cell function. Nature 499 (7459), 485–490. doi:10.1038/nature12297
 Zhao, D., Ogawa, H., Wang, X., Cameron, G. S., Baty, D. E., Dlott, J. S., et al. (2001). Oxidized low-density lipoprotein and autoimmune antibodies in patients with antiphospholipid syndrome with a history of thrombosis. Am. J. Clin. Pathol. 116 (5), 760–767. doi:10.1309/1RYQ-Q2AJ-CKF7-YCDE
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Chen, Wang, Zhou, Zhang and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 13 April 2021
doi: 10.3389/fphar.2021.655551


[image: image2]
Blockade of TRPM7 Alleviates Chondrocyte Apoptosis and Articular Cartilage Damage in the Adjuvant Arthritis Rat Model Through Regulation of the Indian Hedgehog Signaling Pathway
Ganggang Ma1, Yang Yang1, Yong Chen1, Xin Wei1, Jie Ding1, Ren-Peng Zhou1,2* and Wei Hu1,2*
1Department of Clinical Pharmacology, The Second Hospital of Anhui Medical University, Hefei, China
2The Key Laboratory of Anti-inflammatory and Immune Medicine, Anhui Medical University, Ministry of Education, Hefei, China
Edited by:
Tao Xu, Anhui Medical University, China
Reviewed by:
LI-Bo Jiang, Fudan University, China
Guangfeng Ruan, Southern Medical University, China
* Correspondence: Ren-Peng Zhou, zhourenpeng@ahmu.edu.cn; Wei Hu, huwei@ahmu.edu.cn
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 19 January 2021
Accepted: 26 February 2021
Published: 13 April 2021
Citation: Ma G, Yang Y, Chen Y, Wei X, Ding J, Zhou R-P and Hu W (2021) Blockade of TRPM7 Alleviates Chondrocyte Apoptosis and Articular Cartilage Damage in the Adjuvant Arthritis Rat Model Through Regulation of the Indian Hedgehog Signaling Pathway. Front. Pharmacol. 12:655551. doi: 10.3389/fphar.2021.655551

Articular cartilage damage with subsequent impairment of joint function is a common feature of articular diseases, in particular, rheumatoid arthritis and osteoarthritis. While articular cartilage injury mediated by chondrocyte apoptosis is a known major pathological feature of arthritis, the specific mechanisms remain unclear at present. Transient receptor potential melastatin-like seven channel (TRPM7) is reported to play an important regulatory role in apoptosis. This study focused on the effects of TRPM7 on arthritic chondrocyte injury and its underlying mechanisms of action. Sodium nitroprusside (SNP)-induced rat primary chondrocyte apoptosis and rat adjuvant arthritis (AA) were used as in vitro and in vivo models, respectively. Blockage of TRPM7 with 2-APB or specific siRNA resulted in increased chondrocyte viability and reduced toxicity of SNP. Moreover, treatment with 2-APB enhanced the Bcl-2/Bax ratio and reduced cleaved PARP and IL-6, MMP-13 and ADAMTS-5 expression in SNP-treated chondrocytes. Activation of Indian Hedgehog with purmorphamine reversed the protective effects of 2-APB on SNP-induced chondrocyte apoptosis. Blockage of TRPM7 with 2-APB relieved the clinical signs of AA in the rat model and reduced the arthritis score and paw swelling. Similar to findings in SNP-treated chondrocytes, 2-APB treatment increased the Bcl-2/Bax ratio and suppressed cleaved PARP, IL-6, MMP-13, ADAMTS-5, TRPM7, and Indian hedgehog expression in articular cartilage of AA rats. Our collective findings suggest that blockade of TRPM7 could effectively reduce chondrocyte apoptosis and articular cartilage damage in rats with adjuvant arthritis through regulation of the Indian Hedgehog signaling pathway.
Keywords: arthritis, TRPM7, 2-APB, indian hedgehog, apoptosis
INTRODUCTION
Arthritis is an acute or chronic inflammation disease that could affect multiple joints (Harth and Nielson, 2019) and cause synovial swelling, monocyte infiltration, stiffness in the joints, pannus formation and destruction of articular cartilage (Tang, 2019). Metabolic abnormalities and crystal deposition of rheumatoid arthritis (RA) and degenerative changes of osteoarthritis could cause articular cartilage damage (Harth and Nielson, 2019). Cartilage damage in arthritis is mainly the proteolytic disorder of the extracellular matrix of cartilage cells. Members of the matrix metalloprotease and metalloprotease and "A disintegrin with thrombospondin motifs" families jointly answer for cartilage catabolism (Rowan et al.,2008). At present, the pathogenesis and mechanisms of articular cartilage damage is still unknown. Several genetic and environmental factors cause RA and chondrocyte apoptosis increase (Zhou et al., 2016). Inhibition of apoptosis has been shown to reduce bone damage and improve disease (Liu et al., 2018). Thus, the strategy aimed at the key factors and mechanisms of regulating chondrocyte apoptosis hold promise as potential treatments for arthritis.
TRPM7 is a nonselective membrane channel protein of the TRPM subfamily (Cabezas-Bratesco et al., 2015). At the same time, TRPM7 is also a α-kinase with less amino acid sequence semblance to general protein kinases (Zou et al., 2019). The gene of TRPM7 is located on chromosome 15q21.2, and each TRPM7 protein has six transmembrane fragments (S1-S6), S1-S4 fragments are sensors, and there are channels between S5 and S6 fragments (Zhang et al., 2018a; Zou et al., 2019). The channel portion of TRPM7 conducts influx of divalent cations, such as Ca2+, Mg2+, and Zn2+ (Oh and Chung, 2017). Ca2+ is involved in several physiological and pathological processes, and therefore, TRPM7-Mediated Ca2+ has attracted significant research attention. Earlier studies suggest that intracellular [Ca2+]i participates in chondrocyte apoptosis in RA (Wu et al.,2019). TRPM7 plays significant roles in cell growth, metastasis, inflammation, fibrosis, and programmed cell death (Huang et al., 2018; Liu et al., 2019; Numata et al., 2019; Rios et al., 2020). In HEK293 cells, mouse hippocampal neurons and neonatal stroke models, TRPM7 overexpression promotes apoptosis while its inhibition has a converse effect (Chen et al., 2015). However, the issue of whether TRPM7 plays a role in apoptosis of articular chondrocytes remains to be established.
The Drosophila Hedgehog (HH) gene discovered in 1992 encodes a class of secreted signaling molecules and plays a critical role in many developmental processes in mammalian tissues (Ingham and McMahon, 2001; Taipale and Beachy, 2001). Indian Hedgehog (IHH) belonging to the HH family is a secreted protein produced by prehypertrophic chondrocytes (van den Brink, 2007; Lu et al., 2017). IHH plays significant roles in bone development and growth and differentiation of chondrocytes (Al-Azab et al., 2018). Abnormal activation of the IHH signal can trigger a variety of bone diseases, such as progressive bone dysplasia (Deng et al., 2018). Expression of IHH increases in the early stages of cartilage damage (Thompson et al., 2015), and the enhanced levels of associated genes, Glioma-associated one and smoothened could promote RA development through regulatory effects on MMP production (Al-Azab et al., 2018). One study demonstrated that TRPM7 silence could reduce the expression of IHH (Lu et al., 2017), while the relationship between TRPM7 and IHH and its roles in arthritis cartilage damage remains unclear. Here, we employed a variety of techniques, including MTT analysis, Lactate Dehydrogenase (LDH) assay, Hoechst 33,258, Rh123 and ROS staining, western blot, quantitative real-time PCR (qRT-PCR), flow cytometry, TRPM7 small interference (Si) RNA for transfecting chondrocytes, and radiological and immunohistochemical analyses, to determine the effects of TRPM7 and IHH in AA.
MATERIALS AND METHODS
Separation of Chondrocytes and Cell Culture
Male Sprague-Dawley (SD) rats weighing 160–180 g were obtained from Jinan Pengyue Experimental Animal Breeding Co., Ltd., China. After adaptation for 7 days, SD rats were used to separation of chondrocytes. Under aseptic conditions, chondrocytes were extracted from the tibial platform of 52 male SD rats. The extracted knee cartilage was placed in culture dish, washed twice with PBS, cut into small pieces (<1 mm3) and then washed twice with PBS until colorless remained. Cartilage pieces were digested with 0.25% trypsin solution for 30 min, washed with PBS until colorless, digested with 0.2% type II collagenase for 3 h in culture dish in the incubator, and then centrifuged at 1,500 rpm to obtain chondrocytes. Chondrocytes were cultured in Dulbecco's modified eagle medium (DMEM, Hyclone, United States) containing 10% fetal bovine serum (FBS, Gibco, United States) in a culture flask in incubator at a CO2 concentration of 5% at 37°C, and used within the first three passages. Chondrocytes were seeded at a density of 5 × 103 cells/well in 96-well plates to detect cell viability (Zhou et al., 2018a) and a density of 5 × 104 cells/well in 24-well plates to detect cytotoxicity (Chang et al., 2006). Chondrocytes were seeded at a density of 5 × 105 cells/well in 6-well plates to stain Hoechst33258 and Rh123 and a density of 2 × 106 cells/well in 6-well plates for western blot, qRT-PCR and flow cytometry assay (Grossin et al., 2004; Sun et al., 2019). Toluidine blue and type II collagen staining were used to identify chondrocytes.
MTT Assay
Cell viability was evaluated by the MTT. Chondrocytes were seeded at a density of 5 × 103 cells/well in 96-well plates, cultured for 24 h, and then treated with SNP (0.125–2 mM) for 12 h. Chondrocytes were treated with SNP (0.5 mM) for 1.5–24 h, or treated with 2-APB (25–400 μM) for 12 h. Chondrocytes were combined the treatment of SNP (0.5 mM) and 2-APB (50–200 μM) for 12 h. Chondrocytes were treated with SNP (0.5 mM), 2-APB (100 μM) and PMA (4 μM) for 12 h. Then 10 μl of 5 mg/ml MTT (Beyotime, China) dissolved in PBS was added to each well of a 96-well plate. After that, cells were placed in the incubator at 37°C for 4 h. Subsequently, 150 μl dimethyl sulfoxide was added to dissolve formazan crystals. After a 10 min incubation period, absorbance values of living cells were read at 492 nm. Cell viability was expressed as a percentage relative to the control group (control %).
Lactate Dehydrogenase (LDH) Assay
Cytotoxicity was measured by using the LDH assay. Chondrocytes were seeded at a density of 5 × 104 cells/well in 24-well plates, cultured for 24 h, and then treated with SNP (0.5 mM) and 2-APB (100 μM) for 12 h. Firstly, the medium was aspirated (50 μl per well) from 24-well plates into 96-well plates for detection of LDH release and chondrocytes lysed with Triton X-100 for 30 min to obtain maximum LDH release. Then medium was aspirated (50 μl per well) from 24-well containing Triton X-100 into 96-well plates and 50 μl reagent added from the Cytotoxicity Detection Kit (Roche Diagnostics) to each well. The 96-well plate was preincubated for 30 min in the dark, and absorbance detected at 620 and 492 nm using a spectrometer (Thermo Fisher Scientific, United States). LDH release was determined based on subtracting absorbance at 620 nm from that at 492 nm. LDH from lysed cells using Triton X was the maximum LDH release and used as a standardizer to obtain the relative release of LDH. Relative LDH release = LDH release/maximum LDH release.
Hoechst33258 and Rh123 Staining
Chromatin of the nucleus was detected by Hoechst33258 staining and mitochondrial membrane potential was detected by Rh123 staining. Chondrocytes were seeded at a density of 5 × 105 cells/well in 6-well plates, cultured for 24 h, and then treated with SNP (0.5 mM) and 2-APB (100 μM) for 12 h. After that, Hoechst33258 was directly added to culture plates, reacted in the dark for 30 min, and washed twice in PBS. Cells were examined under a fluorescence microscope. Following treatment, chondrocytes were washed twice in PBS, treated with Rh123 (1:1,000), reacted in the dark for 30 min, and observed under a fluorescence microscope.
Flow Cytometry Assay
For measurement of apoptosis, cells were seeded at a density of 2 × 106 cells/well in 6-well plates and cultured for 24 h, then treated with SNP (0.5 mM) and 2-APB (100 μM) for 12 h. Collected cells were washed and re-suspended in binding buffer. Annexin V-FITC (5 μl) was added to samples and incubated for 15 min in the dark, followed by addition of 10 μl PI for 5 min in the dark. Apoptosis was measured by a flow cytometer instrument (Beckman, United States).
Western Blot
Treated chondrocytes were washed twice in PBS and lysed in lysis buffer (P0013B, Beyotime, China) with 1% proteinase inhibitors. The homogenate was centrifuged at 13200 rpm/min for 30 min to remove insoluble materials, followed by the addition of SDS loading buffer. The total protein concentration was determined with the BCA protein quantification method (Beyotime, China). An equal amount of sample was loaded onto a 10% SDS gel and transferred to polyvinylidene fluoride (PVDF) membrane via electrophoresis. Following blockage with non-fat milk, membranes were incubated with specific anti-β-actin (Bioss, 1:1000), anti-PARP (Cell Signaling Technology, 1:1000), anti-Bcl-2 (Bioss, 1:500), anti-Bax (Cell Signaling Technology, 1:1000), anti-IHH (Abcam, 1:1000) and anti-TRPM7 (Abcam, 1:1000) overnight. Membranes were subsequently washed with Tris buffer saline (TBS) containing 0.24% Tween-20 and incubated with horseradish peroxidase-conjugated secondary antibody for 60 min. The electrochemiluminescence (ECL) reagent was used for visualization of protein signals.
Quantitative Real-Time PCR
Expression of TRPM7, MMP-13, IL-6 and ADAMTS-5 mRNA was detected with qRT-PCR. Total RNA was extracted from chondrocytes using TRIzol reagent, the concentration determined via spectrophotometry at 260 nm and purity assessed based on the 260/280 ratio. Firstly, total RNA was reverse transcribed into complementary DNA (cDNA) and then cDNA was used for qPCR. The expression of relative mRNA was detected under the following conditions: 95°C for 10 min, followed by 40 cycles of 95 °C for 5 s, 61 °C for 10 s, finally by the detection of meltcurve from 65 to 95°C. The primer sequences are listed in Table 1. mRNA levels of GAPDH were used as an endogenous control, and ΔΔCt values were calculated after GAPDH normalization. Fluorescence signals were collected in the extension stage, the Ct value of the sample was recorded, and the transcription level was analyzed by the 2−ΔΔCt method.
TABLE 1 | Primers of Targeted Genes.
[image: Table 1]Measurement of Intracellular ROS
Chondrocytes were seeded at a density of 2 × 106 cells/well in 6-well plates and cultured for 24 h, then treated with SNP (0.5 mM) and 2-APB (100 μM) for 12 h. ROS in cells was measured by DCFH-DA fluorescence intensity. The original medium on the culture plate was replaced with DMEM without FBS. After addition of DCFH-DA (1:1,000) (Beyotime, China), the culture plate was incubated for 20 min in the incubator at 37°C and washed three times with DMEM without FBS, and images obtained under a fluorescence microscope. ROS expression was assessed via flow cytometry. FBS-free DMEM was used for dilution of DCFH-DA (1:1000). The chondrocytes were digested with trypsin, and the cell suspension was centrifuged at 1500 rpm for 5 min at 4°C. Then the collected chondrocytes were suspended in diluted DCFH-DA, placed in a cell incubator at 37°C for 20 min. The cell suspension was collected by centrifugation at 4°C and 1500 rpm for 5 min, and then washed three times in DMEM without FBS. Chondrocytes were measured on a flow cytometer instrument (Beckman, United Ststes).
TRPM7-Small Interfering (si) RNA Transfection Into Chondrocytes
The siRNA sequence targeting TRPM7 and its negative control (NC) were designed and synthesized by Shanghai GenePharma Co., Ltd as follows: 5′-GUC​UUG​CCA​UGA​AAU​ACU​CUU-3' (Si-TRPM7-F), 5′-GAG​UAU​UUC​AUG​GCA​AGA​CUU-3' (Si-TRPM7-R), and the specific sequence of NC is sense: 5′-UUC​UCC​GAA​CGU​GUC​ACG​UTT-3′, antisense: 5′-ACG​UGA​CAC​GUU​CGG​AGA​ATT-3'. Chondrocytes were grown in 6-well plates and transfected at a density of 50–60% cell. For transfection, 10% FBS medium was added to the culture plates. We diluted the siRNA and jetPEI® required for each well in 100 μl of 150 mM NaCl. We used jetPEI® with a volume of 3.2 μl (for 50 nM siRNA) per μg siRNA, mixed the solution, then added the jetPEI® solution to the siRNA solution and mix well, let it stand at room temperature for 30 min. Then the solution was added to the cell plate for 4 h. After replacing with fresh medium, cells were cultured for 24 h, and then treated with SNP (0.5 mM) for 12 h (Bonnet et al., 2013).
Animals, Grouping and Treatments
Male Sprague-Dawley (SD) rats weighing between 160–180 g were obtained from Jinan Pengyue Experimental Animal Breeding Co., Ltd, China. Under standard laboratory conditions, rats were exposed to water and a light/dark cycle at a temperature of 22 ± 3°C. After adaptation for 7 days, rats were randomly divided into Control (n = 8) and AA groups (n = 40). The AA group was subdivided into the following groups (n = 8): untreated AA, low-dose 2-APB treatment (25 μM), medium-dose 2-APB treatment (50 μM), high-dose 2-APB treatment (100 μM) and positive drug Methotrexate (MTX) treatment. The experimental procedure was authorized by the Anhui Medical University "Experimental animal care and use ethics" committee and conducted in accordance with the US National Institutes of Health "Care and Use of Laboratory Animals Guide". Adjuvant arthritis was induced in rats by injecting 0.1 ml of Complete Freund’s adjuvant (CFA, Chondrex Inc, Redmond WA, United States) at the palmar external region of the right hind paw on day 0. The Control group was injected with the same amount of saline. On day 14 after immunization, 0.1 ml of 2-APB was injected into the joint cavity every three days and MTX (0.5 mg/kg/three days) delivered via intragastric administration until day 26. The control group (day 0) received no drug injection.
Radiological Examination
Rats were anesthetized with 10% chloral hydrate on day 26 of CFA immunization and subjected to X-rays to detect bone alterations. The hind paw was placed on the photographic film 90 cm from the X-ray light source to obtain a later viewing angle.
Arthritis Score and Foot Swelling
From the 12th day of the experiment, the arthritis score and foot swelling were assessed every 2 days. The standards of arthritic scoring were evaluated as follows: 0: normal; 1: knuckle swelling; 2: swelling of the ankle or wrist; 3: grievous swelling of the whole paw; 4: foot deformity or stiffness (Chang et al., 2011). The score for arthritis was obtained by two experienced researchers blinded to group allocation. The degree of foot swelling of AA rats was detected using a specific foot swelling instrument (PV-200, Taimeng, China).
Sample Harvesting and Preparation
Articular cartilage was extracted from the tibial platform of rat for western blot analysis. The ankle joint was set in 4% paraformaldehyde for 24 h at room temperature and decalcified with 10% ethylenediaminetetraacetic acid (EDTA) for 5 weeks for histological and immunohistochemical analyses (Chen et al., 2018).
Histological Analysis
The prepared ankle joint was dehydrated in high-concentration ethanol, embedded with paraffin and sectioned. The uncalcified sections that had not been dried were used for hematoxylin and eosin (H&E) or safranin O staining immediately.
Immunohistochemical Analysis
Joint tissue was sequentially dehydrated, embedded, sectioned and dried for IHC analysis. The tissue was deparaffinized, dehydrated, and rinsed with PBS three times for 5 min each time, followed by incubation with 3% H2O2 for 10 min at 37°C. After rinsing three times as above, tissues were incubated with goat serum blocking solution. Excess liquid was removed, diluted polyclonal primary antibody added dropwise, and sections placed in a humidified cabinet at 4°C overnight. Following equilibration at 37°C for 20 min, sections were rinsed three times as above and incubated with horseradish peroxidase-labeled secondary incubation antibody at 37°C for 20 min. Sections were rinsed as above, yellow DAB (3,3′-diaminobenzidine), tetrahydrochloride, Boster Co., Ltd.) dye applied for 5 min, washed three times with distilled water for 3 min each time, and counterstained with hematoxylin for 30 s. Tissues were rinsed twice with water every 2 min and hydrochloric acid for 30 s, ammonia for 7 min, and distilled water 3 times for 2 min each. Excess liquid was removed, the tissue sealed, and observed under a microscope.
Statistical Analysis
Statistical comparisons were conducted by using GraphPad Prism 6. All data were expressed as means ± SEM. To compare the means between all measured variables, a one-way analysis of variance (ANOVA) followed by Dunnett test or unpaired Student t test as appropriate. Data were considered significantly different at P < 0.05.
RESULTS
Effects of Blocking TRPM7 on SNP-Induced Rat Chondrocyte Cytotoxicity
To investigate the effect of TRPM7 on injury in chondrocytes, SNP was used to be as injury inducer, and 2-APB was used to block TRPM7. We initially identified chondrocytes via toluidine blue (light blue) staining (Figure 1A). All cells expressed type II collagen, visualized as a yellow-brown stain (Figure 1B). The cell viability of SNP-induced chondrocytes with or without 2-APB treatment was further examined. Within a certain range, the effect of SNP on cell viability was negatively correlated with concentration and processing time (Figures 1C,D). In addition to cell viability assays, we analyzed SNP-stimulated cell injury by measurement of LDH release. SNP induced a significant increase in LDH release in chondrocytes (Figure 1E). Through the analysis of MTT and LDH, we found that the cell death rate of chondrocytes was about 50% when treated with 0.5 mM SNP for 12 h, which is consistent with previous study (Tonomura et al., 2006). Therefore, chondrocytes were treated with 0.5 mM SNP for 12 h to induce apoptosis. MTT analysis showed that treatment with 2-APB (25–400 μM for 12 h) did not affect cell viability (Figure 1F). Earlier results have demonstrated that TRPM7 exerted significant effects on cell damage. In our experiments, SNP treatment induced shrinkage and death of chondrocytes, which could be effectively inhibited by 2-APB treatment (Figure 1G). As expected, treatment with 2-APB (100 μM, 12 h) reversed the SNP-stimulated decrease in cell viability (Figure 1H). Data from the LDH assay showed that 2-APB decreased the cytotoxicity of SNP on chondrocytes (Figure 1I). SNP induced a significant increase in TRPM7 expression, which could be reversed by 2-APB (Figure 1J), clearly suggesting that the TRPM7 channel plays a significant role in SNP-induced cell damage. Blockage of TRPM7 with 2-APB could therefore effectively reduce SNP-induced cell injury.
[image: Figure 1]FIGURE 1 | 2-APB increases the viability of SNP-treated chondrocytes (A) Toluidine blue staining for positive identification of chondrocytes (B) Type II collagen staining for chondrocyte identification (C) MTT analysis of different concentrations of SNP on chondrocyte viability. Chondrocyte were stimulated by 0.125, 0.25, 0.5, 1.0, 2.0 mM SNP for 12 h (n = 6) (D) MTT analysis of different treatment time of SNP on chondrocyte viability. Chondrocyte were stimulated by 0.5 mM SNP for 1.5, 3, 6, 12, 24 h (n = 6) (E) LDH analysis of different concentrations of SNP on chondrocyte toxicity. Chondrocyte were stimulated by 0.125, 0.25, 0.5, 1.0, 2.0 mM SNP for 12 h (n = 4) (F) MTT analysis of different concentrations of 2-APB on chondrocyte viability. Chondrocyte were stimulated by 25, 50, 100, 200, 400 μM 2-APB for 12 h (n = 6) (G) Morphology of 2-APB on SNP-treated chondrocytes (H) MTT analysis of 2-APB on viability of SNP-treated chondrocytes. Chondrocytes were treated with 0.5 mM SNP and 50, 100, 200 μM 2-APB for 12 h (n = 3) (I) LDH analysis of 2-APB on chondrocyte toxicity induced by SNP. Chondrocytes were treated with 0.5 mMSNP and 50, 100, 200 μM2-APB for 12 h (n = 4). (J) Western blot analysis of 2-APB on SNP-induced TRPM7 protein expression in chondrocytes. Chondrocytes were treated with 0.5 mM SNP and 50, 100, 200 μM 2-APB for 12 h (n = 4). Values are presented as means ± SEM. **p < 0.01, ***p < 0.001, compared with control group; #p < 0.05, ##p < 0.01, compared with SNP group.
Effects of Blockage or Silence of TRPM7 on Chondrocyte Apoptosis Stimulated by SNP
Hoechst33258, Rh123 and Annexin V-FITC/propidium iodide (PI) dual staining assays, along with western blot, were employed to detect the effects of blocking or silencing TRPM7 on chondrocyte apoptosis stimulated by SNP. Hoechst33258 staining results showed that chondrocytes treatment with SNP (0.5 mM, 12 h) displayed more nuclear chromatin condensation or fragmentation, which could be suppressed by treatment with 2-APB (Figure 2A). Rh123 staining disclosed that the mitochondrial membrane potential decreased with SNP treatment and was conversely increased in the presence of 2-APB (Figure 2B). In the Annexin V-FITC/propidium iodide (PI) dual staining assay, blocking TRPM7 induced an obvious reduction in apoptosis rate (Figures 2C,D). Western blot revealed a reduction in the Bcl-2/Bax ratio in chondrocytes treated with SNP, which was increased by 2-APB (Figure 2E). The SNP-induced increase in cleaved PARP expression was significantly suppressed by 2-APB (Figure 2F). Expression of TRPM7 in chondrocytes of the Si-TRPM7 treatment group reduced to 80% normal levels, as determined via qRT-PCR (Figure 2G). Expression of TRPM7 in chondrocytes of the Si-TRPM7 treatment group decreased significantly, as determined via western blot (Figure 2H). MTT results showed that SNP induced a decrease in chondrocyte viability, which was restored upon treatment with Si-TRPM7 (Figure 2I). SNP treatment induced chondrocyte shrinkage and death, which was inhibited upon Si-TRPM7 treatment (Figure 2J). Hoechst33258 staining revealed chondrocytes treatment with SNP (0.5 mM, 12 h) displayed more nuclear chromatin condensation or fragmentation, which could be suppressed by treatment with Si-TRPM7 (Figure 2K). In Rh123 staining experiments, SNP induced a decrease in mitochondrial membrane potential, which was significantly increased in chondrocytes treated with Si-TRPM7 (Figure 2L). Annexin V-FITC/propidium iodide (PI) dual staining assay further confirmed that Si-TRPM7 induced a marked reduction in the rate of apoptosis (Figure 2M). Quantitative analysis of the chondrocyte apoptosis rate was further performed (Figure 2N). Western blot results showed that the Bcl-2/Bax ratio was reduced in chondrocytes stimulated with SNP and conversely increased in the presence of Si-TRPM7 (Figure 2O). Furthermore, SNP-induced cleavage of PARP was suppressed by Si-TRPM7 (Figure 2P). Our collective results suggested that blockage or silence of TRPM7 could effectively inhibit chondrocyte apoptosis.
[image: Figure 2]FIGURE 2 | 2-APB or Si-TRPM7 reduces SNP-induced chondrocyte apoptosis (A) Hoechst 33,258 stain of 2-APB on SNP-induced chondrocyte chromatin of the nucleus (n = 3) (B) Rh123 satin of 2-APB on SNP-induced mitochondrial membrane potential (n = 3) (C) Annexin V-FITC and PI satin of 2-APB on SNP-induced chondrocyte apoptosis (n = 3) (D) Quantitative analysis of chondrocyte apoptosis rate (n = 3) (E) Western blot analysis of 2-APB on the Bcl-2/Bax ratio (n = 3) (F) Western blot analysis of 2-APB on cleaved PARP protein expression (n = 3) (G) qRT-PCR analysis of TRPM7 mRNA expression in chondrocytes treated with Si-TRPM7 (n = 3) (H) Western blot analysis of TRPM7 protein expression in chondrocytes treated with Si-TRPM7 (n = 3) (I) MTT analysis of Si-TRPM7 on cell viability of SNP-treated chondrocytes (n = 6) (J) Morphology of Si-TRPM7 on SNP-induced chondrocytes (n = 3) (K) Hoechst 33,258 stain of Si-TRPM7 on SNP-induced chondrocyte chromatin of the nucleus (n = 3) (L) Rh123 satin of Si-TRPM7 on SNP-induced mitochondrial membrane potential (n = 3) (M) Annexin V-FITC and PI satin of Si-TRPM7 on SNP-induced chondrocyte apoptosis (n = 3) (N) Quantitative analysis of chondrocyte apoptosis rate (n = 3) (O) Western blot analysis of Si-TRPM7 on Bcl-2/Bax ratio (n = 3) (P) Western blot analysis of Si-TRPM7 on cleaved PARP protein expression (n = 3). Chondrocytes were seeded in 6-well plates cultured for 24 h, then treated with 2-APB (100 μM) and SNP (0.5 mM) for 12 h, or chondrocytes were seeded in 6-well plates, cultured for 12 h, after transfected with Si-TRPM7 for 4 h and cultured for 24 h, then SNP (0.5 mM) was added and incubated for 12 h. Values are presented as mean ± SEM. * P < 0.05, **p < 0.01, compared with control group; #p < 0.05, ##p < 0.01, compared with SNP group.
Effects of TRPM7 Blockage on SNP-Induced ROS Elevation in Chondrocytes
Crosstalk exists between ROS and Ca2+ signaling in mitochondria and Ca2+ plays a significant role in maintaining the antioxidant capacity of mitochondria (Bertero and Maack, 2018; Zhou et al., 2019). Since the divalent cation channel TRPM7 transports Ca2+, we determined its effects on the production of ROS in mitochondria. To evaluate the effect of 2-APB, ROS production was detected via staining and quantified with flow cytometry. ROS staining showed that SNP treatment led to increased ROS expression, which was significantly decreased in groups treated with 2-APB (Figure 3A). Flow cytometry further validated the marked increase in ROS production in the SNP group (Figure 3B), which was consistently abolished by 2-APB. These findings indicated that generation of ROS induced by SNP is regulated by the TRPM7 channel.
[image: Figure 3]FIGURE 3 | 2-APB suppresses SNP-induced ROS expression (A) DCFH-DA stain of 2-APB on SNP-induced ROS expression (B) Quantitative analysis of 2-APB on SNP-induced ROS expression with flow cytometry. Chondrocytes were seeded in 6-well plates cultured for 24 h, then treated with 2-APB (100 μM) and SNP (0.5 mM) for 12 h. Values are presented as mean ± SEM. n = 3, **p < 0.01, compared with control group; ##p < 0.01, compared with SNP group.
Effects of Blocking TRPM7 on Expression of Cartilage Procatabolic Proteins
QRT-PCR was conducted to establish the effects of 2-APB on IL-6, MMP-13 and ADAMTS-5 mRNA levels. Notably, 2-APB treatment suppressed the mRNA levels of IL-6, MMP-13 and ADAMTS-5 upregulated by SNP (Figures 4A–C). Our results indicated that blockage of TRPM7 using 2-APB could reduce SNP-induced extracellular matrix degradation.
[image: Figure 4]FIGURE 4 | 2-APB downregulates IL-6, MMP-13 and ADAMTS-5 mRNA expression in SNP-induced chondrocytes (A–C) qRT-PCR analysis of 2-APB on SNP-induced IL-6, MMP-13 and ADAMTS-5 mRNA expression in chondrocytes. Chondrocytes were seeded in 6-well plates cultured for 24 h, then treated with 2-APB (100 μM) and SNP (0.5 mM) for 12 h. Values are presented as mean ± SEM. n = 3, *p < 0.05, **p < 0.01, compared with control group; #p < 0.05, ##p < 0.01, compared with SNP group.
Effects of Activated IHH on Chondrocyte Apoptosis
Clearly, blocking or silencing of TRPM7 reduced apoptosis of chondrocytes triggered by SNP. In view of the finding that IHH is overexpressed in damaged cartilage and regulated by TRPM7 (Zhou et al., 2014; Lu et al., 2017). To explore the role of IHH in TRPM7-mediated chondrocyte apoptosis, purmorphamine (PMA) was used to activate the IHH pathway. Expression of IHH was markedly increased in SNP-induced chondrocytes undergoing apoptosis, which was decreased upon 2-APB treatment (Figure 5A). SNP treatment induced chondrocyte shrinkage and death, which were effectively inhibited after 2-APB treatment. However, treatment with PMA (4 μM) reversed the protective effect of 2-APB on SNP-induced chondrocyte injury (Figure 5B). In the MTT assay, PMA induced a significant reduction in cell viability following combined treatment with SNP and 2-APB (Figure 5C). Hoechst33258 staining results validated that chondrocytes treatment with SNP (0.5 mM, 12 h) displayed more nuclear chromatin condensation or fragmentation, 2-APB (12 h) decreased this phenomenon, which was reversed by PMA (Figure 5D). Rh123 staining further showed that 2-APB enhanced mitochondrial membrane potential reduced by SNP, which was consistently reversed by PMA (Figure 5E). The Annexin V-FITC/propidium iodide (PI) dual staining assay revealed that 2-APB induced a significant decrease in the rate of apoptosis, which was again increased by PMA (Figure 5F). Quantitative analysis of the chondrocyte apoptosis rate was additionally conducted (Figure 5G). In western blots, the Bcl-2/Bax ratio was reduced in chondrocytes treated with SNP, which was increased by 2-APB and subsequently decreased upon PMA treatment (Figure 5H). SNP-induced cleavage of PARP was suppressed following treatment with 2-APB. However, expression of cleaved PARP was increased after PMA treatment (Figure 5I). Based on these findings, we proposed that SNP-induced apoptosis is regulated by TRPM7-mediated IHH activation.
[image: Figure 5]FIGURE 5 | IHH activated by PMA reverses the protective effects of 2-APB on SNP-induced chondrocyte apoptosis (A) Western blot analysis of 2-APB on SNP-induced IHH protein expression in chondrocytes (n = 3) (B) Morphology of PMA on SNP-induced chondrocytes (C) MTT assay of PMA on cell viability of SNP-induced chondrocytes (n = 6) (D) Hoechst 33,258 stain of PMA on SNP-induced chondrocyte chromatin of the nucleus (n = 3) (E) Rh123 stain of the influence of PMA on mitochondrial membrane potential (n = 3) (F) Annexin V-FITC and PI statin of SNP-induced chondrocyte apoptosis treated with PMA (n = 3) (G) Quantitative analysis of chondrocyte apoptosis rate (n = 3) (H) Western blot analysis of SNP-induced Bcl-2/Bax ratio treated with PMA (n = 3) (I) Western blot analysis of SNP-induced cleaved PARP protein expression treated with PMA (n = 3). Chondrocytes were seeded in 6-well plates cultured for 24 h, then treated with 2-APB (100 μM), SNP (0.5 mM) and PMA (4 μM) for 12 h. Values are presented as mean ± SEM. *p < 0.05, **p < 0.01, compared with the control group; ##p < 0.01, compared with the SNP group; $p < 0.05, $$p < 0.01, compared with the SNP+2-APB group.
Effects of 2-APB on Clinical Signs in AA Rats
To further demonstrate the influence of 2-APB on adjuvant arthritis, experiments were performed on AA rats injected with CFA. 2-APB reduced the clinical indications of ankle joint damage in AA rats in a dose-dependent manner (Figure 6A). Imaging results revealed bone erosion in the AA group and an increased gap between bones, compared with the control group. Treatment with 2-APB reduced bone erosion and bone gap to a significant extent, compared to the AA group (Figure 6B). On days 12–16 after immunization, paw swelling and arthritis scores of the AA group were markedly increased relative to the control group. On days 18–26 after immunization, ankle joint and arthritis scores of MTX and 2-APB groups were significantly reduced relative to the AA group. The lower concentration of 2-APB (25 μM) exerted a slight protective effect on arthritis score and paw swelling while 50 and 100 μM 2-APB had significant protective effects (Figures 6C,D). The results of HE staining showed that articular cartilage erosion and synovial hyperplasia were significantly increased in the AA group, which were inhibited by 2-APB (Figure 6E). Safranin O stain showed that compared with the control group, articular cartilage damage in the AA group was severe and could be reversed by 2-APB (Figure 6F). These results suggested that blocking of TRPM7 with 2-APB attenuates the clinical indications of ankle joint damage in AA rats.
[image: Figure 6]FIGURE 6 | 2-APB attenuates the clinical indications of ankle joint damage in AA rats (A) Representative images of rat paws from each group (B) Representative radiological images of rat paws from each group. White arrow: bone erosion (C,D) On days 12–26 after immunization, arthritis score and foot swelling of SD rats were recorded and assessed every two days (E) HE staining of ankle joint in rats from each group (F) Safranin O staining of ankle joint in rats from each group. Values are presented as mean ± SEM. n = 8, **p < 0.01, compared with the control group; ##p < 0.01, compared with the AA group.
Effects of 2-APB on Cartilage Degradation and Apoptotic Proteins in Articular Cartilage of AA Rats
Results from immunohistochemical experiments showed increased IL-6, MMP-13, and ADAMTS-5 levels in articular cartilage of AA rats that were suppressed by following 2-APB treatment (Figure7A). Western blot results showed increased expression of cleaved PARP, IHH and TRPM7 and decreased Bcl-2/Bax ratio in the AA group relative to the control group. Consistently, 2-APB induced a decrease in TRPM7, IHH and cleaved PARP expression and increase in Bcl-2/Bax ratio (Figures 7B–F). Our results support a critical role of TRPM7 in cartilage degradation and apoptosis.
[image: Figure 7]FIGURE 7 | 2-APB suppresses IL-6, ADAMTS-5 and MMP-13 protein expression in AA rat articular cartilage through inhibiting IHH expression (A) Immunohistochemical analysis of 2-APB on expression of IL-6, ADAMTS-5 and MMP-13 in AA rats (B–F) Western blot analysis of 2-APB regulation of TRPM7, IHH and cleaved PARP expression and Bcl-2/Bax ratio in articular cartilage of AA rats. Values are presented as mean ± SEM. n = 8, *p < 0.05, **p < 0.01, compared with control group; #p < 0.05, ##p < 0.01, compared with AA group.
DISCUSSION
In this study, we explored the influence of 2-APB on articular cartilage damage in an adjuvant-induced arthritis rat model and SNP-induced chondrocyte apoptosis, along with potential associations and mechanisms of action of TRPM7 and IHH. SNP exerted no significant effects on chondrocyte viability at a concentration of 0.25 mM. However, at 0.5 mM SNP, even following treatment for 1.5 h, chondrocyte viability was significantly decreased. Concomitantly, SNP induced a marked increase in expression of TRPM7. 2-APB significantly reversed the decline in chondrocyte viability triggered by SNP and reduced TRPM7 expression. Our results indicate that 2-APB suppresses chondrocyte viability through the TRPM7 channel. Data from in vivo experiments showed that apoptosis occurring in articular cartilage cells and cartilage damage of the AA model could be reversed upon blockage of TRPM7.
TRPM protein is a member of a group of ion channels with variable permeability, expression patterns, physiological functions and activation mechanisms (Cook et al., 2009). Among these, the TRPM7 channel has received widespread attention owing to its high permeability to cations, such as Mg2+, Ca2+, Zn2+. In pheochromocytoma cells, TRPM7 promotes production of ROS, which exert significant effects on cell survival and proliferation (Yang et al., 2016). Earlier studies have shown that embryonic stem cells and malignant B-lymphocytes stagnate in the absence of TRPM7, but are activated and enter the cell cycle upon addition of Mg2+ to the medium (Schmitz et al., 2003; Sahni et al., 2010). More recent evidence has confirmed that activation of TRPM7 promotes apoptosis (Malemud, 2017). However, limited reports to date have focused on the biological role of TRPM7 in articular cartilage. We initially proposed that TRPM7 functions in rat articular chondrocyte apoptosis. In the current study, expression of TRPM7 was significantly increased after SNP stimulation in chondrocytes, and treatment with 2-APB could inhibit TRPM7 and attenuate chondrocyte apoptosis stimulated with SNP. Western Blot and flow cytometry analyses illustrated that 2-APB reverses chondrocyte apoptosis stimulated by SNP, upregulates the Bcl-2/Bax ratio and downregulates cleaved PARP expression in cultured chondrocytes. 2-APB is not a specific inhibitor of TRPM7 channels, as it affects many ion channels including Orai/CRACM channels. To further confirm the role of TRPM7 in chondrocyte apoptosis, we also conducted parallel verification by silencing TRPM7. Silencing of TRPM7 induced a significant increase in cell viability and Bcl-2/Bax ratio along with concomitant reduction of cleaved PARP expression. Our flow cytometry results showed that 2-APB significantly reduces SNP-induced early apoptosis compared with the SNP group. 2-APB could also reduce SNP-induced late apoptosis from ∼60 to ∼20%, and may not be able to completely inhibit late apoptosis, which is consistent with the research (Liang et al., 2018). This may also indicate that TRPM7 may play a key role in the initiation of apoptosis. Therefore, it is necessary to further explore the specific mechanism of TRPM7 regulating early and late apoptosis in the future. Our collective results clearly demonstrate that 2-APB inhibits TRPM7 and attenuates chondrocyte apoptosis induced by SNP.
HH, a signaling pathway with a significant effect on embryonic development, is transmitted from the cell membrane to nucleus (Varjosalo and Taipale, 2008). IHH belonging to the HH family participates in endochondral bone formation (Skoda et al., 2018). Earlier studies have shown that IHH is related to development of the breast and gastrointestinal tract (van den Brink et al., 2004). As a unique mechanism of associated liver partition and portal vein ligation for staged hepatectomy, IHH accelerates liver regeneration (Langiewicz et al., 2018). IHH exerts significant effects on chondrocyte hypertrophy and proliferation (Zhang et al., 2018b). However, its specific function in chondrocyte apoptosis remains unclear at present. In our experiments, IHH expression was significantly increased after SNP treatment and reduced by 2-APB. Notably, 2-APB suppressed SNP-induced chondrocyte apoptosis, while PMA (an IHH activator) reversed the increased cell viability induced by 2-APB, downregulated the Bcl-2/Bax ratio and upregulated cleaved PARP protein expression. The study has shown that TRPM7 may be related to IHH in hypertrophic chondrocyte, and this association is mediated by Ca2+ (Lu et al., 2017). Our results showed that the expression of TRPM7 and IHH increased significantly in SNP-treated chondrocytes, while the expression of IHH was significantly decreased after blocking TRPM7. We also found that blocking TRPM7 could reduce SNP-induced chondrocyte apoptosis, while activation of IHH using PMA could reverse this protective effect. These results support that TRPM7 modulates apoptosis by regulating IHH. However, the specific mechanism of TRPM7 regulating IHH is still unclear, which still needs future research to explore.
The predominant mechanism of cartilage damage in arthritis is chondrocyte apoptosis (Zhou et al., 2015a; Zhou et al., 2018b). Suppression of apoptosis can therefore improve the development of articular cartilage (Zhou et al., 2015b). Consistently, data from our in vivo experiments showed a significant increase in TRPM7 and IHH expression in articular cartilage of AA rats. Moreover, expression of cleaved PARP in cartilage was obviously increased and Bcl-2/Bax ratio decreased, eventually resulting in AA rat cartilage damage. These findings indicate that chondrocyte apoptosis, which is regulated by the TRPM7/IHH pathway, potentially contributes to AA rat cartilage injury. In addition, low-dose 2-APB injection into the joint cavity had some obvious therapeutic effect, and medium and high doses significantly reversed articular cartilage damage in AA rats. Taken together, the results indicate that inhibition of the TRPM7/IHH axis exerts a protective effect against cartilage damage in AA rats. MMPs, in particular, MMP-13, decompose proteoglycans in the extracellular matrix. Blockage of TRPM7 with 2-APB could effectively inhibit MMP-13 expression, reduce cartilage damage and alleviate disease (Figure 8).
[image: Figure 8]FIGURE 8 | Schematic depicting the roles of TRPM7 and IHH in articular chondrocyte apoptosis. SNP triggers an increase in TRPM7 and IHH and promotes the expression of apoptotic proteins, leading to chondrocyte apoptosis. Activation of TRPM7 and IHH also enhances expression of IL-6, MMP-13, and ADAMTS-5, which promotes cartilage damage and aggravates the process of arthritis.
In summary, our study has illustrated for the first time that blockade of TRPM7 inhibits SNP-induced apoptosis of articular chondrocytes and reduces cartilage damage in AA rats. 2-APB contributes to cartilage protection in vivo by inhibiting the TRPM7 channel and IHH signaling and supports its potential therapeutic value in treatment of arthritis with articular cartilage damage.
CONCLUSION
In conclusion, TRPM7 is highly expressed in chondrocytes and articular cartilage in AA rats and its blockade alleviates chondrocyte apoptosis and articular cartilage damage in AA rats through modulation of the IHH signaling pathway. Our collective findings support an important role of TRPM7 in chondrocyte apoptosis and its potential utility as a therapeutic target for the arthritis with articular cartilage damage.
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Background: Crohn disease (CD) is a chronic inflammatory disease that affects quality of life. There are several drugs available for the treatment of CD, but their relative efficacy is unknown due to a lack of high-quality head-to-head randomized controlled trials.
Aim: To perform a mixed comparison of the efficacy and safety of biosimilars, biologics and JAK1 inhibitors for CD.
Methods: We searched PubMed, Web of Science, embase and the Cochrane Library for randomized controlled trials (RCTs) up to Dec. 28, 2020. Only RCTs that compared the efficacy or safety of biosimilars, biologics and JAK1 inhibitors with placebo or another active agent for CD were included in the comparative analysis. Efficacy outcomes were the induction of remission, maintenance of remission and steroid-free remission, and safety outcomes were serious adverse events (AEs) and infections. The Bayesian method was utilized to compare the treatments. The registration number is CRD42020187807.
Results: Twenty-eight studies and 29 RCTs were identified in our systematic review. The network meta-analysis demonstrated that infliximab and adalimumab were superior to certolizumab pegol (OR 2.44, 95% CI 1.35–4.97; OR 2.96, 95% CI 1.57–5.40, respectively) and tofacitinib (OR 2.55, 95% CI 1.27–5.97; OR 3.10, 95% CI 1.47–6.52, respectively) and revealed the superiority of CT-P13 compared with placebo (OR 2.90, 95% CI 1.31–7.59) for the induction of remission. Infliximab (OR 7.49, 95% CI 1.85–34.77), adalimumab (OR 10.76, 95% CI 2.61–52.35), certolizumab pegol (OR 4.41, 95% CI 1.10–21.08), vedolizumab (OR 4.99, 95% CI 1.19–25.54) and CT-P13 (OR 10.93, 95% CI 2.10–64.37) were superior to filgotinib for the maintenance of remission. Moreover, infliximab (OR 3.80, 95% CI 1.49–10.23), adalimumab (OR 4.86, 95% CI 1.43–16.95), vedolizumab (OR 2.48, 95% CI 1.21–6.52) and CT-P13 (OR 5.15, 95% CI 1.05–27.58) were superior to placebo for steroid-free remission. Among all treatments, adalimumab ranked highest for the induction of remission, and CT-P13 ranked highest for the maintenance of remission and steroid-free remission.
Conclusion: CT-P13 was more efficacious than numerous biological agents and JAK1 inhibitors and should be recommended for the treatment of CD. Further head-to-head RCTs are warranted to compare these drugs.
Keywords: biosimilar, biologics, JAK inhibitors, Crohn disease, network meta analysis
INTRODUCTION
Crohn disease (CD) is a common chronic inflammatory disease with an increasing prevalence and financial burden in recent decades (Ng et al., 2013; Aniwan et al., 2017). With the discovery of novel drug targets, various biologics, such as TNF-α antagonists, integrin and IL-12/23 inhibitors, have been found to have superior therapeutic effectiveness. However, the extensive clinical use of these biological agents is limited due to their AEs and high costs (Odes, 2008; Van Der Valk et al., 2014; Péntek et al., 2017). Therefore, numerous biosimilars are expected to be promising therapies. CT-P13, an IgG1 chimeric human-murine monoclonal antibody biosimilar with the same amino acid sequence as infliximab, has been approved by the US Food and Drug Administration (FDA) for CD (Administration. U. S. F. a. D., 2018). It plays an anti-inflammatory role through the binding of tumor necrosis factor and Fc receptors, the neutralization of tumor necrosis factor, and in vitro cytotoxicity (Gabbani et al., 2017). Moreover, some JAK1 inhibitors (tofacitinib, filgotinib, upadacitinib), as oral low-molecular-weight products that affect intracellular molecules involved in signaling of various cytokines, growth factors, and hormones (Schwartz et al., 2016), have also been confirmed to be effective for clinical or endoscopic remission; however, these therapies are also associated with an increased risk of infections (Olivera et al., 2017; Ma et al., 2019). Previous studies have compared the effectiveness of immunosuppressive agents and biological agents, demonstrating the superiority of TNF-α combined with immunosuppressants (Hazlewood et al., 2015). However, many of the RCTs included in these studies had vague definitions of disease activity and primary outcome measures, which might have resulted in an inevitable risk of bias due to clinical heterogeneity. Subsequently, some studies compared biological agents and distinguished between first-line and second-line treatments (Miligkos et al., 2016; Singh et al., 2018). The authors concluded that ustekinumab and vedolizumab were effective for the induction of clinical remission in biologic-naïve patients, although the two were inferior to infliximab and adalimumab. However, the results were inconsistent due to methodological limitations, and studies with more reliable statistical methods are needed to verify the outcomes. With reference to these published articles, we found few studies assessing the effectiveness of biosimilars, biologic agents and small molecule inhibitors. Thus, we conducted a network meta-analysis to compare these therapies based on direct and indirect evidence.
METHODS
Protocol
A protocol was registered with the International Prospective Register of Systematic Reviews (PROSPERO, www.crd.york.ac.uk/prospero/). The registration number is CRD42020187807.
Literature Retrieval Strategy
We searched PubMed, Web of Science, Embase, the Cochrane Library and a database for the registration of clinical trials (www.clinicaltrials.gov) for randomized controlled trials (RCTs), with a deadline of Dec. 28, 2020. In addition, the references of articles were manually reviewed to identify uncompleted clinical trials. MeSH/Emtree words, combined with free words, were used for the literature search (the specific search strategy is shown in the Supplementary Material). No limitations were placed on geographic area or language in the literature search process.
Selection Criteria
Two authors (Guozhi Wu and Yuan Yang) independently selected eligible studies by reading the full text. Discrepancies encountered during studied selection were resolved by negotiating with a third author (Qinghong Guo). The selection criteria were in strict accordance with the PICOS (patients, intervention, comparators, outcomes, study designs) principle: P: patients with active CD (CDAI 220–450); I and C: infliximab, adalimumab, certolizumab, vedolizumab, ustekinumab, tofacitinib, filgotinib, upadacitinib, CT-P13, and placebo; O: outcomes of interest, including 1) primary efficacy data, such as induction of remission and maintenance of remission [defined as an absolute CDAI <150 points during the induction (<20 weeks) and maintenance (≥20 weeks) phases]; secondary efficacy data, such as steroid-free remission (defined as clinical remission without steroid therapy during the maintenance phase); 2) safety data, such as the proportion of patients with adverse events (AEs) and infections or serious/severe infections; S: randomized controlled studies.
Studies were excluded if they 1) evaluated biologics-failure patients; 2) only assessed the efficacy and safety of therapies for pediatric, elderly, postoperative and fistulizing patients; 3) included other subtypes of inflammatory bowel diseases; 4) were duplicate publications; 5) were reviews, letters, conference abstracts, animal studies, etc. Because there was a lack of RCTs that evaluated the biosimilar SB2, this drug was excluded from this meta-analysis. In addition, studies that could not be compared to others through a common comparator were excluded.
Risk of Bias Analysis
Risk of bias was evaluated separately by two authors (Guozhi Wu and Yuan Yang) using the Cochrane Collaboration’s risk of bias tool (version 5.1.0) Any disagreement was resolved through negotiation with a third reviewer (Qinghong Guo). Seven domains (selective bias for randomization, selective bias for assignment, performance bias, detection bias, attrition bias, selective reporting bias, other bias) were assessed separately as “low risk”, “unclear risk” or “high risk”.
Data Extraction
Two authors (Guozhi Wu and Yuan Yang) independently extracted data related to the author, publication date, number of patents, country, treatment drugs, treatment regimens, definition of outcomes, duration of follow-up, baseline severity of disease, concomitant therapies, biological agent exposure history, efficacy and safety of the included studies. Discrepancies were resolved by a third author (Qinghong Guo) if there was any uncertainty regarding the data extraction.
For trials that assessed different doses of drugs, we combined these subgroups; for crossover trials, we only extracted the data from before the crossover. If there were multiple outcomes at different times, we extracted the earliest result for the induction phase (for example, week six instead of 8) and the latest result for the maintenance phase (week 54 instead of 30).
Data Analysis and Mixed Treatment Comparison
We analyzed the efficacy and safety data for treatments separately and adopted odds ratios (ORs) with 95% CI to express the effect estimate. A random-effect Bayesian network meta-analysis was conducted to perform pairwise comparisons of the efficacy and safety of therapies in the induction and maintenance phases. Using a full Bayesian evidence network, all indirect comparisons were taken into account to arrive at a single integrated estimate of the effect of all included treatments based on all included studies. However, even with a consistent set of relative effect estimates, it may still be difficult to draw conclusions from a potentially large set of treatments. Luckily, the Bayesian approach allowed us to estimate the probability that, given the priors and the data, each of the treatments will be the best, the second best, etc. This information is provided below in the rank probability plot. In the Bayesian model, 4 chains were run with 20,000 tuning iterations and 200,000 simulation iterations. Convergence was assessed using the Brooks-Gelman-Rubin method. This method compares within-chain and between-chain variance to calculate the potential scale reduction factor (PSRF). A PSRF close to one indicates that approximate convergence has been reached. Moreover, publication bias was evaluated by drawing funnel plots and checking for asymmetry. All analyses were conducted in STATA (version 16.0), WinBUGS (version 1.4.3) and R statistical software (version 4.0.3).
Sensitivity Analyses
For induction of remission: 1) only trials that assessed efficacy for biologics-naïve patients were included; 2) trials identified as having a high risk of bias were excluded. For maintenance of remission, sensitivity analyses were performed by excluding treat-through trials (i.e., those that continued to treat regardless of response or nonresponse after induction therapy).
RESULTS
Literature Search and Risk of Bias Assessment
We initially retrieved 2,377 studies from PubMed, 1,463 from the Cochrane Library, 1,644 from Web of Science and 7,873 from Embase. After screening (the specific literature screening process is shown in Supplementary Figure S1), we identified 28 studies and 29 trials in our analyses. Seventeen trials evaluated TNF-α inhibitors (infliximab, adalimumab, and certolizumab pegol), 4 trials evaluated integrin monoclonal antibody (vedolizumab), 3 trials evaluated IL-12/IL-23 monoclonal antibody (ustekinumab), 4 trials evaluated JAK1 inhibitors (tofacitinib, filgotinib and upadacitinib) and 1 trial compared an infliximab biosimilar (CT-P13) to infliximab. Induction of remission was assessed in 21 trials, maintenance of remission in 15 trials and steroid-free remission in 9 trials. Safety data were provided in all trials. Due to a lack of relevant data on upadacitinib, we had to abandon the assessment of its efficacy and safety in the maintenance phase. Of the maintenance trials, 2 were treat-through trials, and 13 only included responders to induction therapy. The characteristics of the included studies are summarized in Table 1. Network plots and funnel plots are showed in Figure 1 and Supplementary Figures S3, S4. The risk-of-bias assessment is shown in Supplementary Figure S2. Of the total group of 27 studies, Schreiber et al., 2005 was judged as high risk due to the absence of double-blinding.
TABLE 1 | Characteristics of studies included in the comparison.
[image: Table 1][image: Figure 1]FIGURE 1 | Network plot for (A) induction of remission (B) maintenance of remission (C) steroid-free remission.
Induction of Remission
In the Bayesian network meta-analysis, infliximab, adalimumab, vedolizumab, ustekinumab, and filgotinib showed a statistically significant effect on the induction of remission compared to placebo. The difference was not statistically significant for certolizumab pegol, but the trend (OR 1.35, 95% CI 0.96–1.91) favored its effect on the induction of remission (Table 2). Of note, we observed the superiority of infliximab compared with certolizumab pegol and tofacitinib (OR 2.44, 95% CI 1.35–4.97; OR 2.55, 95% CI 1.27–5.97, respectively), the superiority of adalimumab compared with certolizumab pegol and tofacitinib (OR 2.94, 95% CI 1.63–5.22; OR 3.10, 95% CI 1.47–6.52, respectively) and the superiority of CT-P13 compared with placebo (OR 2.90, 95% CI 1.31–7.59). There was no significant difference between biological agents and the biosimilar CT-P13 in the induction of remission (Table 2). The rank probability result favors the superiority of adalimumab over other interventions for the induction of remission (Figure 2A).
TABLE 2 | Pairwise comparisons of induction of remission.
[image: Table 2][image: Figure 2]FIGURE 2 | Rank probability for (A) induction of remission. (B) Maintenance of remission. (C) Steroid-free remission. A, Infliximab; B, Adalimumab; C, Certolizumab pegol; D, Vedolizumab; E, Ustekinumab; F, Tofacitinib; G, Filgotinib; H, Upadacitinib; I, CT-P13; J, Placebo.
Maintenance of Remission
Infliximab, adalimumab, certolizumab pegol, vedolizumab, and ustekinumab all demonstrated a statistically significant effect on the maintenance of remission compared to placebo (Table 3). We observed that CT-P13 also showed a better effect on the maintenance of remission than placebo (OR 5.01, 95% CI 1.86–13.76) based on the network meta-analysis. Moreover, our study showed that infliximab, adalimumab, certolizumab pegol, vedolizumab, and CT-P13 were superior to filgotinib (OR 7.49, 95% CI 1.85–34.77; OR 10.76, 95% CI 2.61–52.35; OR 4.41, 95% CI 1.10–21.08; OR 4.99, 95% CI 1.19–25.54; OR 10.93, 95% CI 2.10–64.37, respectively). In addition, adalimumab had a statistically significant effect on the maintenance of remission compared to certolizumab, ustekinumab, tofacitinib, and filgotinib (OR 2.46, 95% CI 1.27–4.79; OR 2.67, 95% CI 1.19–6.07; OR 3.03, 95% CI 1.01–8.63, OR 10.76 95% CI 2.61–52.35, respectively) and showed numerically rather than statistically significant trends toward superiority compared to vedolizumab (OR 2.16, 95% CI 0.97–4.67) (Table 3). The rank probability results favored the superiority of CT-P13 and adalimumab over other interventions for the maintenance of remission (Figure 2B).
TABLE 3 | Pairwise comparisons of maintenance of remission.
[image: Table 3]Steroid-Free Remission
Because of its sparse data on steroid-free remission, we excluded JAK1 inhibitors. With the exception of ustekinumab (OR 1.91, 95% CI 0.59, 6.20), we observed statistically significant differences in the effects of infliximab, adalimumab, certolizumab pegol, vedolizumab, and CT-P13 over placebo for steroid-free remission (OR 3.80, 95% CI 1.49–10.23; OR 4.86, 95% CI 1.43–16.95; OR 2.48, 95% CI 1.21–6.52; OR 5.15, 95% CI 1.05–27.58, respectively), but there was no statistically significant difference among these six treatments (Table 4). The rank probability results favored the superiority of CT-P13 over other treatments for steroid-free remission (Figure 2C).
TABLE 4 | Pairwise comparisons of steroid-free remission.
[image: Table 4]Safety Data
No statistically significant difference was observed regarding the rate of AEs and infections or serious/severe infections in either the induction or maintenance phases among the evaluated treatments, except between ustekinumab and upadacitinib (OR 0.30, 95% CI 0.09–0.95) (Supplementary Tables S2, S4). Nevertheless, the rank probability results demonstrated that filgotinib and upadacitinib seemed to increase the probability of AEs in the induction phase. Total infections or serious/severe infections were more likely with upadacitinib but less likely with tofacitinib in the induction phase (Supplementary Table S3). In the maintenance phase, tofacitinib was associated with a higher probability of infections or serious/severe infections (Supplementary Table S5). Compared with JAK1 inhibitors, the biosimilar CT-P13 and biologics showed a lower likelihood of AEs and infectious events (Supplementary Table S5).
Sensitivity Analyses
For the induction of remission, the results were similar when studies with a high risk of bias were excluded. When only trials that evaluated biologics-naïve patients were included, only infliximab and adalimumab showed statistically significant superiority for the induction of remission. For maintenance of remission, the exclusion of treat-through trials contributed to the loss of statistically significant superiority of adalimumab relative to certolizumab pegol (data not shown).
DISCUSSION
Although biologics have developed rapidly and have significantly improved clinical and endoscopic outcomes, their high costs and risk of infections and malignancies limit their application (Bonovas et al., 2016). Recently, new therapies such as biosimilars and small molecular inhibitors have shown promise for application in clinical practice (Brodszky et al., 2014; Navarro et al., 2020; Tian et al., 2020; Vellopoulou et al., 2020). Nevertheless, only limited studies available assessing the effectiveness and tolerance of these drugs are available. In particular, no direct comparisons of these novel treatments with traditional biological agents were found. Hence, a Bayesian network meta-analysis was conducted to evaluate the efficacy and safety of biologics, biosimilar agents and JAK1 inhibitors for the induction and maintenance of remission in CD.
In this meta-analysis, traditional TNF-α antagonists and the biosimilar CT-P13 demonstrated similar effectiveness and favorable tolerance. The superiority of infliximab and adalimumab was shown for the induction of remission, consistent with a previous comparative analysis (Hazlewood et al., 2015). However, there was no significant difference between infliximab and certolizumab pegol (OR 2.1, 95% CI 0.98–5.5) in this study. Considering that this comparative study defined the primary outcome as steroid-free clinical remission, possible clinical heterogeneity may have resulted in bias. Therefore, steroid-free remission was listed independently in our study rather than being included with clinical remission (this definition is noted in the Method section). In addition, CT-P13 showed no obvious differences from other therapies for the induction of remission, a result that has not been confirmed in the past few years. A large-scale randomized, placebo-controlled, double-blind phase 3 study aimed at evaluating the efficacy and safety of CT-P13 is ongoing (Celltrion, 2019), and it is hoped that the results will provide further support for our findings. Moreover, our analyses indicated that there were higher probabilities of AEs and infectious AEs with filgotinib and upadacitinib. However, the results should be interpreted cautiously because insufficient real-life data and phase 3 RCT evidence is available for evaluating their safety profile. Therefore, in the clinical application of novel JAK1 inhibitors, efficacy and AEs should be carefully weighed.
In the maintenance phase, we observed the inferiority of filgotinib to biologics and biosimilars, which might limit its clinical application despite the lack of a significant increase in AEs and infectious AEs. The ongoing phase 3 clinical trial may expand the sample size and further confirm the efficacy and safety of this agent (Sciences and Nv, 2016). In addition, although our analysis showed that adalimumab had greater efficacy than tofacitinib, no difference was found between tofacitinib and other biologics. Additionally, we could not neglect the higher risk of infectious AEs with tofacitinib in the maintenance period, as shown in the SUCRA results (rank probability). Nevertheless, in addition to safety considerations, decisions to prescribe tofacitinib should not ignore its lower costs (Van Der Valk et al., 2014) compared with biologics. Furthermore, it is worth noting that no significant difference in efficacy and safety was observed between CT-P13 and other therapies; however, SUCRA favored the effectiveness and tolerance of CT-P13, which provides a direction for further studies of the efficacy of this drug compared to biologics. We believe that with a lower risk of AEs, infections and costs, CT-P13, given its superiority over other agents, might be the primary choice for the maintenance of remission.
Patients with active CD initially use corticosteroids to control their symptoms, but many patients are prone to increased risk of mortality due to resistance to corticosteroids (Lewis et al., 2008; Lewis et al., 2018). Hence, it is worth mentioning that steroid-free remission, as a secondary outcome of efficacy, was assessed in this study. JAK1 inhibitors and certolizumab pegol were excluded from this comparative treatment analysis due to a lack of trials. In the Bayesian model, infliximab, adalimumab, vedolizumab, and CT-P13 showed a statistically significant rate of steroid-free remission compared to placebo. Although no significant difference was observed, CT-P13 and adalimumab ranked highest for steroid-free remission, indicating their superiority over other therapies.
Our sensitivity analyses also revealed the efficacy and safety of infliximab and adalimumab for the induction of remission in biologics-naïve patients. No significant effect was observed for vedolizumab and ustekinumab, in contrast to a previous study (Singh et al., 2018). Because that study conducted a network meta-analysis based on the frequency analysis method, the results should be interpreted with caution. The frequency method relies primarily on the maximum likelihood method for parameter estimation; however, the maximum likelihood function is estimated through continuous iteration, which is prone to instability and biased results. As a result, vedolizumab and ustekinumab could not be included in our analysis of the induction of remission in biologics-naïve patients.
The performance of the novel drug CT-P13 in our study is worthy of mention. Most current RCTs have focused on the comparison of CT-P13 and the innovator, infliximab (Ye et al., 2017; Goll et al., 2019; Ye et al., 2019), and there is little information about the relative efficacy and safety of CT-P13 and other treatments. Our network meta-analysis helped to determine the sequence of prescription for CT-P13 relative to TNF-α inhibitors, JAK1 inhibitors and the negative control (placebo). However, no significant differences among CT-P13, filgotinib and upadacitinib were observed. This result might be explained by the lack of large-scale phase three clinical trials evaluating the latter two agents, which contributed to a wide confidence interval. In summary, our comparative analysis suggests that the decision to prescribe CT-P13 should balance its relative effectiveness against its profile of fewer AEs and lower costs. More cost-effectiveness and RCT studies are needed to determine the prescribing sequence for CT-P13.
There are some limitations in this study. First, only 10 interventional studies were included, and there were few direct comparisons and no closed loops in the network plot. However, the absence of closed loops did not significantly affect our results compared to other network meta-analyses. In addition, the exclusion of treat-through trials contributed to a loss of superiority of adalimumab relative to certolizumab pegol for maintenance of remission. Due to the lack of trials assessing the effectiveness of filgotinib in our analyses, uncertainties regarding the point estimates remain. Similarly, limited data were available on upadacitinib during the maintenance phase. Furthermore, the lack of large-scale phase three clinical trials of JAK1 inhibitors resulted in wide confidence intervals. Finally, real-life data, especially for safety, were not included in our network meta-analysis.
CONCLUSION
In this study, we concluded that adalimumab ranked highest for the induction of remission and CT-P13 ranked highest for the maintenance of remission and steroid-free remission. These two drugs should be recommended for active CD. Further head-to-head RCTs are warranted to compare these drugs
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Platelet derived growth factor receptor β positive (PDGFRβ+) pericytes form fibrotic scar, which prevents axonal regeneration after spinal cord injury (SCI). However, the mechanism by which PDGFRβ+ pericytes migrate to the injury core is unclear. Here, we investigated the effect and mechanism of macrophages polarization on PDGFRβ+ pericytes migration after SCI. Macrophages were closely related to the spatiotemporal distribution of PDGFRβ+ pericytes in the injury core at 3, 7, and 14 days postinjury (dpi). Macrophages appeared M2 polarization at 3 and 7 dpi while M1 polarization at 14 dpi. The expression of platelet derived growth factor B (PDGFB) was significantly increased after SCI and after macrophages M2 polarization. The promoting effect of exogenous PDGFB and M2 macrophages conditioned medium on PDGFRβ+ pericytes migration could be blocked by SU16f, a PDGFRβ specific inhibitor. These findings indicate that M2 macrophages can secrete PDGFB acting on PDGFRβ to promote PDGFRβ+ pericytes migration, which can be blocked by a PDGFRβ specific inhibitor SU16f. The PDGFB/PDGFRβ pathway is a promising new target for the treatment of SCI.
Keywords: spinal cord injury, M2 macrophages, PDGFRβ+ pericytes, PDGFRβ, fibrotic scar
INTRODUCTION
Spinal cord injury (SCI) is a devastating injury resulting in severe and sustained sensory and motor dysfunction in patients, and there is no effective clinical treatment (Selvarajah et al., 2015; Bellver-Landete et al., 2019; Kobayakawa et al., 2019). In the acute phase of SCI, physical trauma leads directly to the disruption of the blood–spinal cord barrier and bleeding, followed by the infiltration of blood-derived macrophages (David and Kroner, 2011). Oxidative stress caused by ischemia-reperfusion injury and a large number of inflammatory factors released by macrophages further aggravate inflammation, which contributes to neuronal and glial apoptosis (Hausmann, 2003; Muradov et al., 2013; Tran et al., 2018). In the subacute phase of SCI, platelet derived growth factor receptor β positive (PDGFRβ+) pericytes gradually migrate and aggregate to the injury core and deposit extracellular matrix, which surround macrophages and form fibrotic scar (Göritz et al., 2011; Soderblom et al., 2013). Although fibrotic scar prevents the spread of inflammation, it inhibits axonal regeneration in the chronic phase of SCI (Klapka et al., 2005; Göritz et al., 2011; Dias et al., 2018). The removal of fibrotic scar contributes to axonal regeneration suggesting that fibrotic scar may be a target for clinical treatment (Klapka et al., 2005; Dias et al., 2018). However, the mechanisms of PDGFRβ+ pericytes migration and extracellular matrix deposition are still unclear.
The clearance of blood-derived macrophages resulted in the reduction of fibrotic scar in the injury core after SCI in mice, suggesting that macrophages may be involved in PDGFRβ+ pericytes migration (Zhu et al., 2015a). Moreover, macrophages have different functions due to M1 or M2 polarization in many diseases, which is important for oxidative stress, immune response and homeostasis repair (Kigerl et al., 2009; David and Kroner, 2011; Wang et al., 2015; Wang et al., 2019). It has been shown that platelet derived growth factor (PDGFB) can activate PDGFRβ to regulate pericyte migration in angiopoiesis, fibrosarcoma and retinal tissue (Abramsson et al., 2003; Abramsson et al., 2007; Stratman et al., 2010; Dubrac et al., 2018). However, the effects of macrophages polarization and PDGFB/PDGFRβ pathway on the migration of PDGFRβ+ pericytes to the injury core after SCI have not been reported.
In this study, we found that macrophages are closely related to the spatiotemporal distribution of PDGFRβ+ pericytes in the injury core at 3, 7, and 14days postinjury (dpi). Macrophages appear M2 polarization at 3 and 7dpi while M1 polarization at 14 dpi. M2 macrophages can secrete PDGFB acting on PDGFRβ to promote PDGFRβ+ pericytes migration, which can be blocked by SU16f, a PDGFRβ specific inhibitor. Besides, M2 macrophages can promote PDGFRβ+ pericytes to secrete extracellular matrix. These suggested that PDGFB/PDGFRβ pathway is a promising new target for the treatment of SCI.
MATERIALS AND METHODS
Animals and Cells
All animal experiments were approved by the Animal Ethics Committee of Anhui Medical University (Approval No. LLSC20160052). 20–25 g mice were purchased from the Animal Experiment Center of Anhui Medical University. All mice were bred in the Research and Experimental Center of the Second Hospital of Anhui Medical University. The temperature and humidity were controlled in the feeding environment, with a 12 h cycle of light and darkness, and food and water were readily available. Mouse mononuclear macrophage leukemia cells RAW 264.7 were cultured in DMEM (Hyclone, Invitrogen, United States) containing 10% FBS (Gibco, United States), 1% Glutamax and 1% Sodium Pyruvate (Invitrogen, United States), and were kindly provided by Stem Cell Bank, Chinese Academy of Sciences (Shanghai, China). Mouse brain vascular pericytes MBVP were kindly provided by Mingzhou Biological Technology (Ningbo, China), and were cultured in DMEM containing 10% FBS. The cells were cultured at 5% CO2 and 37°C. MBVP cells were identified as PDGFRβ+ cells via immunocytochemistry and could be used as a model of PDGFRβ+ pericytes in vitro.
Establishment of Mouse Spinal Cord Compression Injury Model
Each mouse was given water fasting before surgery. The mice were put in prone position after satisfactory anesthesia with isoflurane (induction 4%, maintenance 2%). After shaving the dorsal surface of the mouse and disinfecting the skin, T10 segment of spinal cord was exposed. The T10 spinal cord was clamped with the calibrated Dumont #5 forceps (11252-20, Fine Science Tools, Germany) for 5 s (McDonough et al., 2015). The incisions were sterilized and stitched layer by layer. The mice were routinely treated with anti-infection and auxiliary urination nursing after SCI.
Establishment of Macrophages Polarization Model and Extraction of Conditioned Medium
RAW 264.7 cells were plated in 6-well plates at a density of 2 × 105/ml and cultured overnight. After serum deprivation for 24 h, RAW 264.7 cells were treated with LPS (100 ng/ml, Beyotime Biotechnology, China) plus IFNγ (20 ng/ml, Beyotime Biotechnology, China) for M1 polarization or IL-4 (20 ng/ml, Beyotime Biotechnology, China) for M2 polarization, and the cells were cultured for 24 h. Then, the cell culture medium was replaced with serum-free DMEM for another 24 h. Supernatant was collected and centrifuged (1200 rpm, 5 min) as conditioned medium including conditioned medium of M0 (CM0), CM1, and CM2. WB and immunocytochemistry were used to identify the macrophage polarization model, and ELISA was used to identify the conditioned medium.
Immunofluorescence Staining
The mice underwent thoracotomy after satisfactory anesthesia. After cardiac perfusion with PBS and 4% paraformaldehyde (4% PFA, Servicebio, China), spinal cord containing the injured core (5 mm) was removed and fixed in 4% PFA overnight. Then, the tissue blocks were dehydrated, made transparent, dipped in wax, embedded, and sliced to 6 µm thickness serial sections using a microtome (RM2235, Leica, Germany). The sections were deparaffinized and rehydrated in turn. Antigen retrieval was performed using the microwave method, followed by washing with PBS and blocking in 5% donkey serum (SL050, Solarbio, China) in PBS with 0.3% Triton-X100 for 1 h at room temperature. The primary antibodies were incubated at 4°C overnight: Goat anti-PDGFRβ (5 µg/ml, AF1042-SP, R&D Systems, United States), Mouse anti-Mac2 (1:100, GB12246, Servicebio, China), Rabbit anti-iNOS (1:100, AF0199, Affinity, United States) and Rabbit anti-CD206 (1:100, ab64693, Abcam, China). The secondary antibodies were incubated at 37°C in dark for 1 h: Donkey anti-Rabbit Alexa Fluor 488, Donkey anti-Mouse Alexa Fluor 594, Donkey anti-Goat Alexa Fluor 488 and Donkey anti-Goat Alexa Fluor 594 (1:500, A-21206, A-21203, A-11055, A-11058, Invitrogen, United States). Finally, the anti-fluorescence quencher (P0126, Beyotime Biotechnology, China) was used to seal the sections. The representative images were obtained using fluorescence microscope (Axio Scope A1, Zeiss, Germany) by comparing and processing all images of the same light intensity and filtering.
Immunocytochemistry Staining
Cells were fixed with 4% PFA for 10–15 min and blocked for 30 min at room temperature. Primary antibodies were diluted in blocking solution and applied for overnight at 4°C: Goat anti-PDGFRβ (5 µg/ml, AF1042-SP, R&D Systems, United States), Rabbit anti-iNOS (1:100, AF0199, Affinity, United States), Rabbit anti-CD206 (1:100, ab64693, Abcam, China) and Rabbit anti-Laminin (1:100, 23498-1-AP, Proteintech, China). Secondary antibody incubation as shown above, and blue counterstaining (DAPI, C0065, Solarbio, China) showed nuclei. Finally, the anti-fluorescence quencher was used to seal the sections. The representative images were obtained as above. Image J (NIH, United States) was used for quantitative analysis.
Western Blot Assay
For cell proteins, cells were washed with PBS and lysed using RIPA buffer (P0013B, Beyotime Biotechnology, China) supplemented with Protease Inhibitor Cocktail and Phosphatase Inhibitor (04693124001, 04906845001, Roche, Switzerland). For spinal cord tissue proteins, after cardiac perfusion with PBS, the spinal cord (3 mm) containing the injury core was removed and lysed with lysis buffer mentioned above. The supernatant was collected as total protein. Protein concentrations were determined using bicinchoninic acid (BCA) kit (P0012S, Beyotime Biotechnology, China) and diluted to 1 mg/ml for each sample. 20 μg of protein was denatured at 100°C for 10 min in LDS Sample Buffer (NP0007, Invitrogen, Unites States) before being resolved on SDS-PAGE electrophoresis and transferred onto a Polyvinylidene difluoride (PVDF) membranes. Blots were blocked in 5% nonfat milk and probed with primary antibodies against at 4°C overnight: Rabbit anti-iNOS (1:2000, AF0199, Affinity, United States), Rabbit anti-CD206 (1:1,000, ab64693, Abcam, China), Goat anti-PDGFRβ (0.25 µg/ml, AF1042-SP, R&D Systems, United States), Mouse anti-PDGFB (1:500, SC-365805, Santa Cruz, United States), Mouse anti-PDGFD (1:500, 14075-1-AP, Proteintech, China), Rabbit anti-Laminin (1:1000, 23498-1-AP, Proteintech, China), Mouse anti-β-Tubulin (1:10000, T0023, Affinity, Unites States) and Mouse anti-GAPDH (1:1000, ab8245, Abcam, China). The membranes were incubated with secondary antibodies for 1 h at room temperature: Goat anti-Mouse (1:10000, A4416, Sigma, United States), Goat anti-Rabbit (1:10000, A0545, Sigma, United States) or Rabbit anti-Goat (1:10000, A8919, Sigma, United States). The protein band signals were obtained using Tanon 5200 system (Tanon, China). Image J (NIH, United States) was used for quantitative analysis.
Enzyme-Linked Immunosorbent Assay (ELISA)
The PDGFB ELISA kit (KE10034, Proteintech, China) was used to detect the concentration of PDGFB in the conditioned medium of different polarized macrophages. The supernatant was collected and centrifuged (1200 rpm, 5 min) for detection immediately, according to the kit’s instruction.
Scratch Test
The marker pen was used to draw 3 horizontal lines evenly on the back of the 6-well plate at intervals of 1 cm. MBVP cells were plated in 6-well plates at a density of 2 × 105/ml and cultured until the cells covered the entire plate bottom. The wound was created using a sterile 200 μl pipette tip. After washing off the exfoliated cells, macrophages conditioned medium, serum-free DMEM containing recombinant mouse PDGFB protein (10 ng/ml, NBP2-53416, Novus, United States) or serum-free DMEM containing SU16f (10 μm, 3304, R&D Systems, United States) were added to the 6-well plate to regulate MBVP cells migration for 72 h. The pictures of scratch wounds were taken at 0 and 72 h and assessed using the Image J software.
Transwell Test
The 24-well plate containing 8 μm chamber (Corning, United States was used to detect the migration ability of cells. MBVP cells were inoculated to the upper chamber at a density of 1 × 106/100 μl. According to the experimental requirements, macrophages conditioned medium or PDGFB (10 ng/ml, NBP2-53416, Novus, United States) were added to the lower chamber to regulate MBVP cells migration, or SU16f (10 μm, 3304, R&D Systems, United States) was added to the upper chamber to block PDGFRβ. After 24 h in an incubator at 37°C and 5% CO2, a cotton swab was used to wipe off the cells in the inner layer of chamber. After washing with ddH2O water twice, the chambers were fixed by 4% PFA at room temperature for 20 min. After washing with ddH2O water twice, crystal violet (C0121, Beyotime Biotechnology, China) staining was performed for 15 min. The cells were observed under the microscope and counted.
Statistical Analysis
The data were presented as means ± standard deviation. Multiple-group comparisons were statistically analyzed with one-way analysis of variance (ANOVA) followed by the Tukey method or nonparametric test using the Prism 8.3.0 software (GraphPad, United States). p < 0.05 was considered significant.
RESULTS
The Spatiotemporal Distribution of Macrophages and PDGFRβ+ Pericytes is Closely Related After Spinal Cord Injury
To further confirm the spatiotemporal distribution of macrophages and PDGFRβ+ pericytes after SCI, the goat anti-PDGFRβ antibody was used to specifically label PDGFRβ+ pericytes while the mouse anti-Mac2 antibody was used to specifically label blood-derived macrophages rather than microglia (Wang et al., 2015). The immunofluorescence staining showed that there was no obvious aggregation of macrophages and PDGFRβ+ pericytes in the normal spinal cord. Macrophages and PDGFRβ+ pericytes were scattered at the injury core at 3 dpi while significantly aggregated at the injury core at 7 dpi. Finally, PDGFRβ+ pericytes surrounded macrophages to form fibrotic scar at 14 dpi (Figure 1). During 3–14 dpi, PDGFRβ+ pericytes gradually migrated and aggregated to the injury core, and the spatiotemporal distribution between macrophages and PDGFRβ+ pericytes was closely related (Figure 1). These suggested that 3–7 dpi is a critical period for PDGFRβ+ pericytes to migrate and aggregate to the injury core, and macrophages may be involved in the migration of PDGFRβ+ pericytes after SCI.
[image: Figure 1]FIGURE 1 | Spatiotemporal distribution of macrophages and PDGFRβ+ pericytes after SCI in mice. Immunofluorescence staining was used to detect the distribution of macrophages (Mac2+, red) and PDGFRβ+ pericytes (PDGFRβ+, green) before (Pre) and at 3, 7, and 14 dpi in the injury core (n = 3 per group). Representative fluorescence images were presented. Scale bars, 500 μm.
Macrophages Appear M1 or M2 Polarization After Spinal Cord Injury
To investigate the effect of macrophages polarization on PDGFRβ+ pericytes migration, anti-iNOS antibody and anti-CD206 antibody were used to specifically label M1 and M2 macrophages respectively to observe the macrophages polarization after SCI. The immunofluorescence staining showed that the macrophages (Mac2+) were mainly of type M2 with CD206+ and iNOS− in injury core at 3 and 7 dpi (Figure 2B) while the macrophages were mainly of type M1 with iNOS+ and CD206− in injury core at 14 dpi (Figure 2A). It was interesting to note that macrophages were mainly type M2 in the critical period of 3–7 dpi during when PDGFRβ+ pericytes migrated and aggregated to the injury core (Figures 1, 2B). These suggested that M2 macrophages may be involved in the migration of PDGFRβ+ pericytes after SCI.
[image: Figure 2]FIGURE 2 | Macrophages polarization after SCI in mice. Immunofluorescence staining was used to detect Mac2+ (red) and iNOS+ (green) M1 macrophages in (A) or Mac2+ (red) and CD206+ (green) M2 macrophages in (B) at 3, 7, and 14 dpi in the injury core (n = 3 per group). Representative fluorescence images were presented. Scale bars, 100 μm.
Identification of PDGFRβ+ Pericytes and Macrophages Polarization in Vitro
To further investigate the effect of M2 macrophages on PDGFRβ+ pericytes migration, RAW 264.7 cells were used as the blood-derived macrophages model and MBVP cells as the PDGFRβ+ pericytes model in vitro. The results of immunocytochemistry suggested that MBVP cells were PDGFRβ+ cells and could be used as the PDGFRβ+ pericytes model in vitro (Figure 3A). In addition, we induced and identified M1 or M2 polarization of macrophages according to previous reports (Kigerl et al., 2009; Hiroi et al., 2013; Fan et al., 2020). The results of Western blot showed that compared with other groups, M1 macrophages significantly expressed iNOS while M2 macrophages significantly expressed CD206 (p < 0.0001 for iNOS, p < 0.001 for CD206, Figures 3B–D). Besides, immunocytochemistry was used to further confirm the reliability of macrophages polarization model. The results showed that compared with the other two groups, the fluorescence intensity of iNOS of M1 macrophages was significantly increased while that of CD206 of M2 macrophages was significantly increased (Figure 3E). These suggested that the PDGFRβ+ pericytes model and macrophages polarization model could be used for the follow-up study.
[image: Figure 3]FIGURE 3 | Identification of PDGFRβ+ pericytes and polarized macrophages in vitro. (A) Immunocytochemistry staining was used to detect PDGFRβ+ (green) and DAPI-stained nuclei (blue) in MBVP cells. (B) Western blot was used to detect the expression levels of M1 (iNOS) or M2 (CD206) polarization markers in RAW 264.7 cells after polarization treatment. (C, D) Quantitative analysis of iNOS and CD206 expression. The blots (n = 5 per group) were quantified by a densitometric method using the ImageJ software. The results were expressed as mean ± SD. ****p < 0.0001 (CM1 vs. other groups) in (C); ***p < 0.001 (CM2 vs. other groups) in (D). (E) Representative fluorescence images of iNOS and CD206 in RAW 264.7 cells after polarization treatment, DAPI stained the nuclei. Scale bars, 50 μm.
M2 Macrophages Promote the Migration of PDGFRβ+ Pericytes in Vitro
To further investigate the effect of macrophages polarization on PDGFRβ+ pericytes migration, the conditioned medium of different polarized macrophages (CM0, CM1, and CM2) were extracted for culture of pericytes. The scratch test showed that after adding M2 conditioned medium, the wound closure rate of PDGFRβ+ pericytes was significantly higher than that of other groups (p < 0.001 or p < 0.0001, Figures 4A,C). Besides, transwell test was used to further show that the number of pericytes passing through membrane increased significantly after adding M2 conditioned medium compared with other groups (p < 0.001 or p < 0.0001, Figures 4B,D). Compared with Sham group and CM1 group, the number of pericytes passing through membrane increased significantly after adding M0 conditioned medium (p < 0.001), but this effect was much weaker than M2 conditioned medium. These suggested that M2 macrophages could promote PDGFRβ+ pericytes migration in vitro, possibly due to the secretion of certain cytokines.
[image: Figure 4]FIGURE 4 | M2 macrophages promote the migration of PDGFRβ+ pericytes in vitro. (A) Scratch test was used to detect the migration of PDGFRβ+ pericytes after being treated with DMEM (Sham), conditioned medium of M0 macrophages (CM0), conditioned medium of M1 macrophages (CM1), or conditioned medium of M2 macrophages (CM2) for 72 h (n = 3 per group). (B) Transwell test was used to further detect the migration of PDGFRβ+ pericytes after being treated in Sham, CM0, CM1, or CM2 groups for 20 h (n = 3 per group) (C) Quantitative analysis of the wound closure rate in (A). The results were expressed as mean ± SD. ***p < 0.001 (CM2 vs. Sham and CM0); ####p < 0.0001 (CM2 vs. CM1) (D) Quantitative analysis of the number of transmembrane cells in (B). The results were expressed as mean ± SD. ****p < 0.0001 (CM2 vs. Sham and CM1); ###p < 0.001 (CM2 vs. CM0). &&&p < 0.001 (CM0 vs. Sham and CM1). Scale bars, 100 μm.
M2 Macrophages Promote PDGFRβ+ Pericytes to Secrete Extracellular Matrix in Vitro
PDGFRβ+ pericytes and extracellular matrix including Collagen, Fibronectin and Laminin together surround macrophages to form fibrotic scar after SCI (Soderblom et al., 2013). It has been shown that Collagen and Fibronectin are mainly secreted by PDGFRβ+ pericytes after SCI while the main cellular origin of Laminin is unclear (Soderblom et al., 2013; Zhu et al., 2015b). The results of Western blot showed that after adding M2 conditioned medium, the expression level of Laminin in pericytes was significantly higher than that in other groups (p < 0.001, Figures 5A,B). Besides, immunocytochemistry was used to further show that the fluorescence intensity of Laminin in pericytes cultured in M2 conditioned medium was significantly higher than that of other groups (p < 0.01, Figures 5C,D). These suggested that Laminin may also be mainly secreted by PDGFRβ+ pericytes, and M2 macrophages can promote PDGFRβ+ pericytes to secrete extracellular matrix in vitro.
[image: Figure 5]FIGURE 5 | M2 macrophages promote PDGFRβ+ pericytes to secrete extracellular matrix Laminin in vitro. (A) Western blot was used to detect the expression levels of Laminin in PDGFRβ+ pericytes after being treated in Sham, CM0, CM1 or CM2 groups for 24 h (n = 5 per group). (B) Quantitative analysis of Laminin expression. The blots were quantified as previously described. ***p < 0.001 (CM2 vs. other groups). (C) Immunocytochemistry staining was used to further confirm the expression levels of Laminin of PDGFRβ+ pericytes after being treated in Sham, CM0, CM1 or CM2 groups for 24 h (n = 3 per group) (D) Quantitative analysis of fluorescence intensity in (C). The results were expressed as mean ± SD. **p < 0.01 (CM2 vs. other groups). Scale bar, 25 μm.
The Expression of PDGFB is Significantly Increased After Spinal Cord Injury in Vivo and Macrophages M2 Polarization in Vitro
PDGFRβ is a specific marker for PDGFRβ+ pericytes while PDGFB can activate pericyte surface PDGFRβ and regulate pericyte migration in the retinal tissue. Therefore, we further investigated whether PDGFB/PDGFRβ pathway also plays an important role in the process of M2 macrophages promoting PDGFRβ+ pericyte migration. Our results showed that the expression level of PDGFB increased significantly at 3 and 7 dpi compared with Pre (p < 0.01 and p < 0.05, respectively), while decreased significantly at 14 dpi compared with 3 and 7 dpi (p < 0.001 and p < 0.01, respectively, Figures 6A,B). The expression level of PDGFD was significantly decreased at 3, 7, and 14 dpi compared with Pre (p < 0.0001, Figures 6A,C). In addition, the expression level of PDGFRβ was increased significantly at 7 and 14 dpi compared with Pre and 3 dpi (p < 0.001, Figures 6A,D), consistent with immunofluorescence staining that PDGFRβ+ pericytes aggregated to the injury core (Figure 1). These preliminarily suggested that PDGFB rather than PDGFD may be involved in PDGFRβ+ pericytes migration after SCI.
[image: Figure 6]FIGURE 6 | The expression of PDGFB is significantly increased after SCI or macrophages M2 polarization. (A) Western blot was used to detect the expression levels of PDGFB, PDGFD and PDGFRβ before (Pre) and at 3, 7, and 14 dpi in the injury core of mice (n = 5 per group). (B) Quantitative analysis of PDGFB in (A). The blots were quantified as previously described. **p < 0.01, *p < 0.05 (3 and 7 dpi vs. pre); ###p < 0.001, ##p < 0.01 (3 and 7 dpi vs. 14 dpi). (C) Quantitative analysis of PDGFD in (A). ****p < 0.0001 (3, 7, and 14 dpi vs. pre). (D) Quantitative analysis of PDGFRβ in (A). ***p < 0.001 (7, 14 dpi vs. pre and 3 dpi). (E) Western blot was used to detect the expression levels of PDGFB in M0, M1 or M2 macrophages (n = 5 per group). (F) Quantitative analysis of PDGFB in (E), the blots were quantified as previously described, **p < 0.01 (M2 vs. M0), ###p < 0.001 (M2 vs. M1). (G) ELISA was used to detect the concentration of PDGFB in CM0, CM1 or CM2 (n = 5 per group), The results were expressed as mean ± SD. **p < 0.01 (CM2 vs. other groups).
Secondly, the expression level of PDGFB was detected after macrophage polarization in vitro. The results of Western blot showed that the expression level of PDGFB in M2 macrophages was significantly higher than that in other groups (p < 0.01 and p < 0.001, respectively, Figures 6E,F). Besides, the results of ELISA showed that the concentration of PDGFB in M2 macrophages culture medium was significantly higher than that in other groups (p < 0.01, Figure 6G). These furtherly suggested that PDGFB may be involved in M2 macrophages promoting PDGFRβ+ pericytes migration after SCI.
M2 Macrophages Secrete PDGFB Acting on PDGFRβ to Promote PDGFRβ+ Pericytes Migration in Vitro
To investigate the effect of M2 macrophages secretion of PDGFB on PDGFRβ+ pericytes migration and its possible mechanism, SU16f (Andersen et al., 2015; Jiang et al., 2017; Chatterjee et al., 2019) was used to specifically inhibit PDGFRβ and then the effect of exogenous PDGFB and M2 macrophages conditioned medium on PDGFRβ+ pericytes migration were observed in vitro. The scratch test showed that compared with Sham group, M2 conditioned medium and exogenous PDGFB significantly promoted the wound closure rate of pericytes (p < 0.0001) while the promotion effect was obviously eliminated by SU16f (p < 0.0001, Figures 7A,C). Besides, transwell test also showed that after adding M2 conditioned medium or exogenous PDGFB, the number of pericytes passing through membrane increased significantly compared with other groups while the promotion effect was significantly eliminated by SU16f (p < 0.0001, Figures 7B,D). These suggested that M2 macrophages promote PDGFRβ+ pericytes migration via PDGFB/PDGFRβ pathway in vitro.
[image: Figure 7]FIGURE 7 | M2 macrophages secrete PDGFB acting on PDGFRβ to promote PDGFRβ+ pericytes migration in vitro. (A) Scratch test was used to detect the migration of PDGFRβ+ pericytes after being treated with DMEM (Sham), conditioned medium of M2 macrophages (CM2), 10 ng/ml recombinant mouse PDGFB protein (PDGFB), CM2 plus 10 μm PDGFRβ inhibitor (CM2+SU16f) or PDGFB plus 10 μM PDGFRβ inhibitor (PDGFB+SU16f) for 72 h (n = 3 per group). (B) Transwell test was used to further detect the migration of PDGFRβ+ pericytes after being treated in Sham, CM2, PDGFB, CM2 + SU16f or PDGFB+SU16f groups for 20 h (n = 3 per group). (C) Quantitative analysis of the wound closure rate in (A), the results were quantified as previously described, ****p < 0.0001, ***p < 0.001 (groups vs. Sham), ####p < 0.0001 (groups vs. CM2 and PDGFB). (D) Quantitative analysis of the number of transmembrane cells in (B), the results were quantified as previously described, ****p < 0.0001 (CM2 and PDGFB vs. other groups). ND, not determined. Scale bars, 100 μm. (E) Schematic representation. M2 macrophages could secrete PDGFB, acting on PDGFRβ of PDGFRβ+ pericytes, which promote the formation of fibrotic scar, corral macrophages and limit inflammation after SCI.
DISCUSSION
At present, there is no effective treatment for SCI clinically, and investigating the pathological changes of SCI is expected to provide new ideas and therapeutic targets (Selvarajah et al., 2015; Bellver-Landete et al., 2019; Kobayakawa et al., 2019). After SCI, oxidative stress caused by ischemia-reperfusion injury and inflammatory cytokines released by macrophages lead to the cascade of inflammatory responses (Hausmann, 2003; David and Kroner, 2011; Muradov et al., 2013; Tran et al., 2018). Fibrotic scar surrounds macrophages to prevent inflammation from spreading while finally inhibits axonal regeneration (Klapka et al., 2005; Göritz et al., 2011; Dias et al., 2018). It has been reported that reducing of fibrotic scar formation could promote nerve regeneration and functional recovery (Klapka et al., 2005; Dias et al., 2018). However, there are no specific drugs to eliminate fibrotic scar after SCI, and the mechanism of fibrotic scar formation is still unclear. Therefore, the study uncovering the mechanism of fibrotic scar formation after SCI is expected to provide new ideas and therapeutic targets.
Using genetic lineage tracing, Göritz et al. (2011) first identified a subset of pericytes as the source of the fibrotic scar after SCI in 2011, which was further confirmed by Jae K. Lee et al. (Soderblom et al., 2013). This subset of pericytes forming fibrotic scar express PDGFRβ and CD13 as molecular markers while PDGFRβ was expressed in all this subset of pericytes after SCI and can be used as a specific marker (Göritz et al., 2011; Soderblom et al., 2013; Dias et al., 2018). PDGFRβ+ pericytes are mainly distributed around large diameter vessels in the normal spinal cord. After SCI, PDGFRβ+ pericytes and macrophages gradually migrate and aggregate to the injury core (Göritz et al., 2011; Soderblom et al., 2013). Finally, PDGFRβ+ pericytes and extracellular matrix including Collagen, Fibronectin and Laminin surround the macrophages to form fibrotic scar, which prevents nerve regeneration (Klapka et al., 2005; Göritz et al., 2011; Dias et al., 2018). The mechanism by which PDGFRβ+ pericytes migrate and aggregate to the injury core is unclear. The spatiotemporal distribution of macrophages and PDGFRβ+ pericytes is closely related after SCI, and the clearance of blood-derived macrophages resulted in the reduction of fibrotic scar in the injury core after SCI (Zhu et al., 2015a). These suggest that macrophages may be involved in the migration and aggregation of PDGFRβ+ pericytes after SCI, which needs to be confirmed by further experiments. Mac2 has been shown to be a specific marker for blood-derived macrophages after SCI (Wang et al., 2015). Therefore, we used anti-Mac2 antibody to specifically label macrophages rather than microglia and observed the spatiotemporal distribution of macrophages and PDGFRβ+ pericytes after SCI. The results showed that macrophages and PDGFRβ+ pericytes gradually migrated and aggregated to the injury core at 3–7 dpi while PDGFRβ+ pericytes surrounded macrophages and formed fibrotic scar at 14 dpi, consistent with the conclusions of Jae K. Lee et al. (Zhu et al., 2015a). These further suggested that macrophages may be involved in the migration and aggregation of PDGFRβ+ pericytes after SCI.
Macrophages play different roles due to M1 or M2 polarization in many diseases, which is important for oxidative stress, immune response and homeostasis repair (Kigerl et al., 2009; David and Kroner, 2011; Hu et al., 2015; Wang et al., 2015; Wang et al., 2019). M1 macrophages are pro-inflammatory phenotypes with high expression of iNOS, CD16/32 and TNF-α, and have the functions of phagocytosis and clearance of pathogens. M2 macrophages are anti-inflammatory phenotypes, with high expression of CD206, Arg-1 and PDGF, and have the functions of growth stimulation, tissue repair and Collagen formation (Kigerl et al., 2009; David and Kroner, 2011). However, the effect and mechanism of macrophages polarization on the migration of PDGFRβ+ pericytes to the injury core after SCI have not been reported. It has been reported that after SCI, most macrophages/microglial cells are M1 phenotype, with only a transient number showing M2 phenotype which occurs at 3–7 dpi (Kigerl et al., 2009). Blood-derived macrophages can be distinguished from microglia based on the expression of Mac2, which provides a more accessible tool of studying macrophage polarization in addition to transgenic mice after SCI (Wang et al., 2015). Therefore, in our study, Mac2+ iNOS+ and Mac2+ CD206+ were used to label M1 and M2 macrophages, respectively. Our results showed that at 3–7 dpi, PDGFRβ+ pericytes gradually migrated and aggregated to the injury core, while macrophages were mainly M2 phenotype at this time. At 14 dpi, PDGFRβ+ pericytes had surrounded macrophages to form fibrotic scar, while macrophages were mainly M1 phenotype at this time. Our results on the polarization of macrophages after SCI are consistent with the study from Kigerl et al. (2009). These suggested that M2 macrophages may be involved in the migration and aggregation of PDGFRβ+ pericytes after SCI.
To further investigate the effect and mechanism of M2 macrophages on PDGFRβ+ pericytes migration after SCI, RAW 264.7 cells and MBVP cells were used for in vitro studies. The scratch test and transwell test showed that after adding M2 conditioned medium, the migration ability of PDGFRβ+ pericyte was significantly enhanced. These suggested that M2 macrophages could promote PDGFRβ+ pericytes migration in vitro, and this effect of promoting migration may be due to exocrine of certain cytokines by M2 macrophages.
PDGFRβ, as a specific marker of PDGFRβ+ pericytes, is a receptor subtype of the PDGF family (Klinkhammer et al., 2018; Sil et al., 2018). It has been reported that only PDGFB and PDGFD can activate PDGFRβ and play important roles in cell migration and differentiation (Evrova and Buschmann, 2017). Moreover, Dubrac et al. (2018) showed that PDGFB can activate pericyte surface PDGFRβ to regulate pericyte migration in the retinal tissue. However, the role of PDGFB/PDGFRβ pathway in PDGFRβ+ pericytes migration after SCI has not been reported. Our results showed that the expression of PDGFB increased significantly at 3 dpi, reached its peak at 7 dpi, while decreased significantly at 14 dpi. The expression of PDGFD was significantly decreased at 3, 7, and 14 dpi. These suggested that PDGFB may be involved in the migration of PDGFRβ+ pericytes after SCI. Besides, the expression of PDGFB was significantly increased after M2 polarization of macrophages in vitro, which led us to speculate that M2 macrophages may activate PDGFRβ by secreting PDGFB, promoting PDGFRβ+ pericytes migration after SCI. To test this hypothesis, we used SU16f to specifically block pericytes surface PDGFRβ (Andersen et al., 2015; Jiang et al., 2017; Chatterjee et al., 2019) and observed the effect of M2 macrophage conditioned medium or exogenous PDGFB on PDGFRβ+ pericyte migration in vitro. The scratch test and transwell test showed that after adding M2 conditioned medium, PDGFRβ+ pericyte migration ability was significantly enhanced, but this promotion effect could be blocked by SU16f. These suggested that M2 macrophages secrete PDGFB acting on PDGFRβ to promote PDGFRβ+ pericytes migration after SCI (Figure 7E).
Our study also showed that M2 macrophages could promote PDGFRβ+ pericytes secretion of extracellular matrix such as Laminin, but the molecular mechanism needs to be further studied. Although PDGFRβ was expressed in all the subset of pericytes forming fibrotic scar after SCI, a small number of PDGFRβ+ pericytes were distributed around large diameter vessels. Therefore, studies of SU16f as a PDGFRβ specific inhibitor should be evaluated for its side effects on angiogenesis and vascular function. In addition, systematic in vivo experiments are needed to further confirm our conclusions.
In conclusion, the present study demonstrated that macrophages are closely related to the spatiotemporal distribution of PDGFRβ+ pericytes in the injury core at 3, 7, and 14 dpi. Macrophages appear M2 polarization at 3 and 7 dpi while M1 polarization at 14 dpi. M2 macrophages can promote PDGFRβ+ pericytes migration via PDGFB/PDGFRβ pathway, which can be blocked by a PDGFRβ specific inhibitor SU16f. Besides, M2 macrophages can promote PDGFRβ+ pericytes to secrete extracellular matrix. These suggested that PDGFB/PDGFRβ pathway is a promising new target for the treatment of SCI.
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Background/Aims: Emergence of tyrosine-methionine-aspartate-aspartate (YMDD) motif in reverse transcriptase is a serious problem in chronic hepatitis B(CHB) patients after Lamivudine (LAM) therapy. However, the relationship between inflammation pharmacological reaction and YMDD mutational patterns of CHB has not been well-characterized. The aim of this study was to investigate the inflammation pharmacological reaction and different YMDD mutants patterns of CHB patients.
Methods: We investigated the inflammation pharmacological reaction and YMDD mutational patterns through biochemical, serological and virological detection among 83 CHB patients, including 25 YMDD mutants, 25 under detection, and 33 control patients without YMDD mutants.
Results: Prevalence of YMDD mutation patterns is different. Among 25 YMDD mutants patients, YIDD was the dominant mutation (72%), followed YVDD (16%) and the hybrid YIDD + YVDD (12%). The time course during the YMDD mutations was also different. 52.4% patients developed the mutation less than 12 months after the LAM therapy. Serum hepatitis B virus (HBV) DNA level in patients with YMDD mutants were significantly higher than that in control and negative groups. Serum HbsAg and HbeAg in patients with YMDD mutants were also higher than those in control and negative groups, despite no significant difference was found forserum HbeAb. ALT and AST levels were also significantly higher in mutants group.
Conclusions: Illuminating inflammation pharmacological reaction and YMDD mutational patterns of CHB during pathological process may have implications for future therapy in YMDD mutation patients. This may have impact on the choice of treatment strategies for lamivudine-resistant HBV.
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INTRODUCTION
Hepatitis B virus (HBV) infection has long been a serious public health problem all over the world (European Association for the Study of the Liver, 2017). About two billion people are infected with HBV, and more than 350 million have become chronic carriers (Schweitzer et al., 2015). HBV infection have a high risk of causing serious liver diseases, including liver fibrosis, cirrhosis and hepatocellular carcinoma (HCC) (Samal et al., 2012). HCC is the fifth most common cancer and major cause of cancer death (de Lope et al., 2012). Antiretroviral treatment is the main clinical treatment of HBV (European Association for the Study of the Liver, 2017). Lamivudine (LAM), the first nucleoside analogue approved for treatment of CHB (Lai et al., 1998), has been widely used in clinic because of its high effectiveness (Chen et al., 2014). However, LAM treatment could cause LAM resistance in some HBV cases (Lai et al., 1998). The cause of the resistance was the mutation of the amino acid substitutions in the highly conserved tyr-met-asp-asp (YMDD) motif (Ling et al., 1996). The most common mutational pattern is methionine substitution at amino acid position-204 to either isoleucine (rtM204I, YIDD mutant) or valine (rtM204V, YVDD mutant) (Hashimoto et al., 2010). YMDD mutation has serious interference and can lead to failure during LAM treatment in CHB (Zoulim and Locarnini, 2012).
YMDD mutation is also an independent risk factor for HCC in liver cirrhosis patients (Yang et al., 2013). Many studies have reported the incidence and characteristic of spontaneous YMDD-motif mutation in LAM-naive CHB patients. Kim, et al. found the baseline YMDD mutation patterns were as follows: rtM204I, 45 (57.7%); rtM204V, 26 (33.3%); and rtM204I/V, 7 (9.0%) (Kim et al., 2012). Among the 51 patients, Chen, et al. found 30 (59%) had one single YMDD variant: including 27 (53%) rtM204I, 1 (2%) rtM204V, and 2 (4%) rtL180M Chen et al. (2004). The YMDD mutational incidence was different in a study-dependent manner (Lai et al., 2003; Yuen et al., 2003; Kim et al., 2012). The emergence of YMDD mutants considerably reduces the viral susceptibility to LAM treatment. The loss of efficacy generally increases over time post LAM treatment, from 14–47% after 1 year to 26–71% after 2 years, 49–57% after 3 years, and 67% after 4 years (Tsubota, 2006). Liu, et al. found that the majority of the cases (42/63, 66.6%) with YMDD mutants were detected between 12 and 24 months post therapy (Liu et al., 2005). To the best of our knowledge, there is limited data in terms of the proportion and persistent time during YMDD mutants pathological process. Many studies studied the relationship between YMDD mutations patterns and HBV-DNA levels, HBeAg status, and serum alanine aminotransferase (ALT) levels in patients after receiving LAM therapy for CHB. Patients with YMDD variants lack clinical response to LAM therapy, showing a significant increase of the HBV DNA and ALT levels (Lai et al., 2003). It has also been found that YMDD mutants have less replication competence and were associated with less aggressive liver disease (Zöllner et al., 2000). Wu et al. reported that HBV genotype, HBV-DNA levels, and HBeAg status at baseline were the independent factors associated with the emergence of YMDD mutations among patients receiving LAM therapy for CHB (Wu et al., 2012). Lee et al. has demonstrated YMDD mutants occur throughout the course of LAM therapy irrespective of occurrence of viral DNA breakthrough (Lee et al., 2006). Patients withdiscontinued LAM therapy have increased frequency of flare-ups and higher ALT peaks (Chen et al., 2004). However, some studies were inconsistent, or even contradictory. Therefore, the influence of LAM-resistant mutations on the antiviral effect of CHB treatment remains to be elaborated. The aim of this study was to analyze the patterns and incidence of LAM-resistant mutations, and to analyze the influence on biochemical and virological responses after YMDD mutations in CHB patients with LAM-resistant.
MATERIALS AND METHODS
Patients
A total of 83 patients with CHB (58 males and 25 females) were recruited from the inpatient departments of Guangdong provincial hospital of Chinese Medicine from 2012 January to 2018 December. CHB was diagnosed according to the diagnostic standard from the Chinese National Program for Prevention and Treatment of Viral Hepatitis. These patients received lamivudine (LAM) therapy (orally, 100 mg/day) according to the Physician and their clinical characteristics were showed in Table 1. All the patients were divided into three groups, including control group: 33 patients’ YMDD gene were wild type; Mutation group: 25 patients who had developed YMDD mutants after LAM therapy; Negative group: 25 patients without detected mutants. Serum samples were collected from patients, and the biochemical, serological and virological data were performed with serum samples from each patient on the same day. Patients who had received interferon-α or other nucleotide analogs, or those co-infected with hepatitis C, hepatitis D and human immunodeficiency virus (HIV) were excluded from the study. Written consent was obtained from all patients. The procedures were approved by the local ethics committee and are in accordance with the Helsinki Declaration.
TABLE 1 | Clinical characteristics.
[image: Table 1]Detection of YMDD Mutant Types
YMDD mutant types were determined by the ABI 7500 Real-Time qPCR System (United States), according to the manufacturer’s instructions and melting curve assay with the use of the care HBV mutation PCR assay and distinguished by melting temperature value.
Quantitation of Serum HBV DNA
Hepatitis B viral DNA from serum samples were extracted by using Desoxyribo Nucleic Acid Isolation Kit provided by Da An Gene Co., Ltd. Of Sun Yat-sen University as per the manufacturer’s instructions. HBV DNA were performed using the ABI 7500 Real-Time qPCR System (United States), according to the manufacturer’s instructions (dynamic range 1*102–1*1010 IU/ml).
Hepatitis B Virus Marker
Quantitative serum HBV markers including HBsAg, HBsAb, HBeAg, HBeAb and HBcAb assay were quantified using routine automated immune analyzers (Cobas e602, obtaining ISO15189 certification), according to the manufacturer’s instructions respectively. Quantitative HBsAg levels were reported in IU/ml, with a dynamic range of 0.05–1000 IU/ml. Samples were dilutions of one in 100 or one in 1,000 when the maker levels were above the range. The diluent is non-disturb for the objective biochemical, serological and virological detection.
Biochemical Parameters
Liver biochemical test including alanine aminotransferase (ALT), as-partate aminotransferase (AST) were performed using routine automated analyzers (Cobas 8,000, obtaining ISO15189 certification), according to the manufacturer’s instructions respectively.
Statistical Analysis
All data are presented as mean ± SD. Demographic data were analyzed using descriptive statistical tests and performed by SPSS software package, version 20.0 and GraphPad Prism 5. The different Comparison between two groups were performed by the unpaired t-test and the numeration data were analyzed by the χ (Schweitzer et al., 2015) test. A difference with p < 0.05 was considered statistically significant.
RESULTS
Patient Clinical Characteristics
Eighty three CHB patients for LAM therapy were recruited. All patients were from the inpatient departments of Guangdong provincial hospital of Chinese Medicine. The classification of patients into respective groups were: control group (N = 33), mutation group (N = 25), negative group (N = 25). The baseline of patients clinical characteristics were presented in Table 1. There were more males (69.88%) than females (30.12%) in the study group (56%). The control group patients were younger than mutation group and negative group (p < 0.05).
Prevalence of YMDD Mutation Patterns After LAM Therapy
YMDD variants were found in 30.12% (25/83) of CHB patients. Of the YMDD mutations, YIDD, YVDD and YVDD + YIDD were found in 18 (72%), 4 (16%) and 3 (12%) patients, respectively (Table.1; Figure 1). The prevalence of reverse transcriptase rt204I mutants (YIDD variant, 72%) were significantly higher than rt204V mutants (YVDD variant, 16%) and hybrid mutation (YIDD + YVDD variant, 12%) in CHB patients (p < 0.05).
[image: Figure 1]FIGURE 1 | The distribution proportion of YMDD mutations after LAM therapy in CHB patients.
Time for Variation Tendency of YMDD Mutations
The time for variation tendency of YMDD gene mutation during LAM therapy in CHB patients was showed in Figure 2. 52.4% CHB patients developed YMDD mutation less than 12 months after LAM therapy (p < 0.05) when comparing with other patients. Interestingly, 14.3% patients’ YMDD mutations occurred after4 years post LAM therapy. Besides, our study showed that 60% mutational patients were under the limited detection less than 12 months after therapy of LAM combined with adefovir dipivoxil (ADV) or telbivudine (TBV) (p < 0.05, Figure 2B).
[image: Figure 2]FIGURE 2 | Times of variation tendency of YMDD gene mutation during LAM therapy in CHB patients. (A): Time of mutation change from wild type into mutant type after LAM therapy. (B): Time of transition from mutant type into under detection after therapy.
Relationship Between HBV DNA Level and Different YMDD Mutation Status
The HBV DNA level of control group, mutation group and negative group were 3.10log10 IU/mL, 5.77 log10 IU/mL and 2.63 log10 IU/mL, respectively (Figure 3). The level of mutation group were significantly higher than control and negative group (p < 0.001). What’s more, the control group’s HBV DNA load (3.10log10 IU/mL) also higher than the negative group (2.63 log10 IU/mL, p < 0.05).
[image: Figure 3]FIGURE 3 | HBV DNA level in different YMDD mutational motif and control groups.
Relationship Between HBsAg, HBeAg, HBeAb Status and YMDD Mutations Patterns
Status of serum HBV marks (HbsAg, HbeAg, HbeAb) in control group, mutation group and negative group were detected (Figures 4A–C). Both load of HBsAg (6,468.75 IU/ml, p < 0.01) and HBeAg(1.23 IU/ml, p < 0.05) in mutation group were higher than control group (HBsAg:4,898.89 IU/ml, HBeAg:0.1 IU/ml). Comparing with control group, negative group had higher level of HbeAg (p < 0.05). Interesting, the load of HbeAbin negative group (0.45 IU/ml) were higher than control group (0.27 IU/mL, p < 0.05).
[image: Figure 4]FIGURE 4 | The virologicalof HBV marks level in different YMDD mutational motif and control groups. (A–C): Distribution of HbsAg(A), HbeAg(B), HbeAb(C) titers in control group, mutation group and negative group, respectively.
Association Between ALT, AST Levels and YMDD Mutations Patterns
Biochemical parameters of ALT (p < 0.05) and AST (p < 0.01) in mutation group were higher than control group, respectively (Figures 5A,B). What’s more, the level of AST in mutation group (55.45 U/L) were also higher than negative group (41.46 U/L, p < 0.05, Figure 5A).
[image: Figure 5]FIGURE 5 | The level of ALT and AST in different YMDD mutational motif and control groups. A. B: Biochemical parameters of ALT(B) and AST(A) associated with/without YMDD mutations in different groups.
DISCUSSION
The emergence of YMDD mutations is the main problem after LAM treatment in CHB. YMDD mutations is the C domain of the HBV DNA polymerase gene mutation. No adefovir-associated resistance mutations were identified in the HBV DNA polymerase gene, so ADV (Adefovir Dipivoxil) is an optional therapy for LAM-resistant patients (Marcellin et al., 2003). In spite of lots of studies focusing on the YMDD mutations, the clinical course of hepatitis B in patients with lamivudine-resistant mutants is variable and the long-term outcome remains to be determined.
In this study, our results showed that YMDD mutation patterns of YIDD, YVDD and YVDD + YIDD were found in 18 (72%), 4 (16%) and 3 (12%) patients, respectively (Table.1; Figure 1). Consistent with our results, Kim et al. found that rtM204I, 45 (57.7%); rtM204V, 26 (33.3%); and rtM204I/V, 7 (9.0%) (Kim et al., 2012) Similarly, Pan et al., reported that YIDD mutation is the vital mutant in lamivudine-resistant HBV mutants, which is more than double of the YVDD mutation (Pan et al., 2007). YVDD mutation is more common in genotype A (Zöllner et al., 2004). This result primarily represented the main YMDD mutation patterns after LAM treatment. The underlying mechanism for different prevalence of the mutational patterns in different HBV genotypes should be further investigated. Few studies were investigated in terms of the time during variation tendency of YMDD mutations. Our results showed that 28.6% HBV patientsdeveloped YMDD mutation less than 12 months after LAM therapy (p < 0.05, Figure 2). Interestingly, 14.3% patients developed mutations more than 4 years later after LAM therapy (Figure 2). This might be due to that the patients are consisted of different CHB genotypes in the current study. Patients’ viral load is the factor that is admitted by majority to be correlated with mutation rate.
However, further studies are needed to elucidate the real reason. Besides, our study showed that 30% mutational patients were under the limited detection less than 12 months after therapy of LAM combined with Adefovir dipivoxil (ADV) or telbivudine (TBV) (p < 0.05, Figure 2B). It will be meaningful to elucidate the dynamic status of YMDD mutants during the LAM treatment. These findings may have impacts on the clinical course of the patients.
YMDD mutants were found to be attenuated in replication capacity and pathogenicity (Tan et al., 2012). The incidence of YMDD mutations may be correlated with the HBeAg status and the HBV DNA level (Tan et al., 2015). It is valuable to clarify the relationship between the occurrence of YMDD mutants and HBV DNA level. Consistent with studies found HBV DNA level might have a positive correlation with YMDD mutations (Tan et al., 2015). Compared to control (3.10log10 IU/mL) and negative (2.63 log10 IU/mL) group, the HBV DNA level were significantly higher in mutation group (5.77 log10 IU/mL, Figure 3). Some studies also found HBV DNA levels were lower than baseline after emergence of YMDD mutants (Pan et al., 2007). But authors investigated the viral differences among genotypes B and C in vivo. YMDD mutational patterns may relative to different genotypes. YVDD type tends to have higher levels of HBV DNA than YIDD type in vitro and in vivo (Tacke et al., 2004). What’s more, the control group’s HBV DNA load (3.10log10 IU/mL) were also higher than the negative group (2.63 log10 IU/mL, p < 0.05). This may due to the mix real normal and in the control group.
HBV DNA levels and HBeAg status are independent factors associated with the emergence of rtM204 I/V Pan et al. (2007). We found status of serum HBV marks HBsAg (6,468.75 IU/ml, p < 0.01) and HBeAg(1.23 IU/ml,p < 0.05) in mutation group were higher than control group (HBsAg:4,898.89 IU/ml, HBeAg:0.1 IU/mL, Figure 4A,B). HBeAg represent replication capable of HBV. Consistent with that HBV DNA level were significantly higher in mutation group than control group (Figure 3). Comparing with control group, negative group had higher level of HbeAg (p < 0.05, Figure 4B). Interesting, the load of HbeAb in negative group were higher than control group (p < 0.05, Figure 4C). After LAM treatment, immune system will be more effective to clean virus in non- YMDD mutations than mutations patients. Results also suggested that HBV-DNA levels and HBeAg status can use as reference for chronic HBV infection lamivudine treatment in clinic.
Currently, there is no evidence that YMDD mutations are associated with ALT level (Tan et al., 2012). In this study, we found ALT (p < 0.05) and AST (p < 0.01) in mutation group were higher than control and negative group, respectively (Figures 5A,B). YMDD mutants may worsen patients liver function. After the emergence of YMDD mutants, lamivudine treatment can improve liver injury. Some studies had found no significant difference in the serum ALT normalization between the patients with each major mutation patterns (Cha et al., 2009). But Kim, et al. had found statistically significant differences in serum ALT between the rtM204I and rtM204V + rtM204I/V mutation groups at 6 and 12 months after the initiation of ADV add-on LAM combination treatment (Kim et al., 2012). Also some studies had found HBV DNA and ALT levels of patients with YMDD mutations at the end of follow-up were lower than that at the baseline (Liaw, 2001). But the underlying mechanism has not been confirmed.
Considering the YMDD mutations could be acquired from other people instead of occur spontaneously. Further studies are needed to distinguish acquired mutation from spontaneous mutation. What’s more, Large-scale population and more samples studies in multi countries are necessary to evaluate the influence of YMDD mutations in hepatitis B progression and antiviral treatment.
CONCLUSION
Prevalence of YMDD mutation patterns are different. The time course during the YMDD mutations were different. Serum hepatitis B virus (HBV) DNA levels after YMDD mutants were significantly higher than control and negative group. Serum HbsAg and HbeAg in YMDD mutants were also higher than control and negative group, but have no obviously difference in HbeAb. ALT and AST levels also showed significantly higher in mutants group.
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Colorectal cancer is a multifactorial disease involving genetic, environmental, and lifestyle risk factors. Intestinal microbiota plays an important role in the occurrence and development of colorectal cancer. Studies have shown that the behavior of intestinal microbiota can lead to pathological changes in the host intestine, which can be divided into epigenetic changes and carcinogenic changes at the gene level, and ultimately promote the formation and development of colorectal cancer. Intestinal microbiota is mainly distributed in the intestinal epithelium, which is composed of a large number of microorganisms interacting with the host intestinal cells. It can affect the immune-inflammation and metabolism of the gastrointestinal tract, and may be used as a biomarker for disease diagnosis. Regulation of gut microbiota is a promising strategy for the prevention and treatment of colorectal cancer. This article reviews the role of intestinal microbiota in the development of colorectal cancer, including the related mechanisms of intestinal microbiota promoting colorectal cancer, the use of intestinal microbiota in the diagnosis of colorectal cancer, and the regulation of intestinal microbiota in the prevention or treatment of colorectal cancer.
Keywords: colorectal cancer, intestinal flora, immune-inflammation, metabolism, prevention and treatment of colorectal cancer
INTRODUCTION
Colorectal cancer (CRC) accounts for about 10% of the new cancer cases worldwide. Its incidence rate is third among all cancers worldwide, and its mortality rate ranks second among all cancers (Bray et al., 2018). The formation of CRC involves complex changes of multiple genes, steps, and stages, and various genetic and environmental factors are related to the occurrence and development of CRC (Theodoratou et al., 2017). Recently, more and more attention has been paid to the role of microorganisms in cancer. Researchers have begun to study the impact of changes in microbial communities on cancer. These microbial communities have become an important influencing factor of some cancers, including CRC, liver cancer, breast cancer, and so on. The human intestinal tract is one of the most complex organs of the human body, which hosts tens of thousands of microorganisms, including bacteria, archaea, fungi, protozoa, and viruses, of which bacteria account for the majority (Gill et al., 2006). Intestinal microflora mainly act on intestinal epithelial cells, interact with intestinal cells, maintain intestinal environment, and play an important role in human health, such as energy metabolism (Turnbaugh et al., 2006) and immune regulation (Chung et al., 2012). The change in its relative abundance will disrupt the balance of the intestinal microenvironment, thus causing some diseases inside and outside the intestine. This review provides an overview of the relationship between intestinal microbiota and CRC, focusing on the mechanism of intestinal microbiota in CRC, and finally discusses the potential strategies for the prevention or treatment of CRC based on the regulation of intestinal microbiota.
INTESTINAL MICROBIOTA AND COLORECTAL CANCER
There are hundreds of microorganisms in the intestine, which form a symbiotic system with intestinal cells to maintain a dynamic balance and maintain the intestinal environment. Once the balance is destroyed, the intestinal flora will be out of balance, causing a series of intestinal diseases. As early as the 1960s, the relationship between intestinal flora and CRC was studied. In this study, through the induction of conventional rats and sterile rats, it can be found that Cycas has carcinogenic effect on conventional rats, but failed to cause cancer in sterile rats, which indicates that intestinal microorganisms play an important role in the carcinogenesis mediated by Cycas (Laqueur et al., 1967). Recently, through a case-control study of CRC patients, a research team analyzed the characteristics of fecal flora and blood inflammatory factors in various stages of colorectal tumorigenesis (benign polyps to advanced adenoma), identified 24 CRC-related bacteria, and revealed that the flora is involved in promoting the formation of CRC microenvironment in the process of gradual malignant transformation (Zhang et al., 2018). At present, the known flora associated with CRC mainly includes Fusobacterium nucleatum (F. nucleatum), Escherichia coli (E. coli), Bacteroides fragilis (B. fragilis), Campylobacter jejuni (C. jejuni), etc. (Dai et al., 2019) (Figure 1).
[image: Figure 1]FIGURE 1 | The role and mechanism of intestinal microbiota promoting colorectal cancer. Fusobacterium nucleatum, E. coli, B. fragili, and C. jejuni are closely related to the occurrence and development of colorectal cancer. It can stimulate inflammation and promote tumor formation through many inflammation-related signaling pathways, such as NF-κB, STAT3, and Wnt/β-catenin. At the same time, intestinal flora can also cause DNA damage, lead to gene mutation, and promote tumor formation through its own toxins.
Fusobacterium nucleatum
Fusobacterium nucleatum is a common symbiotic anaerobic Gram-negative bacteria in oral cavity. It is unique to human oral cavity and plays an important role in periodontal disease. It can bridge different microorganisms in biofilm through a variety of adhesins. More and more evidence show that F. nucleatum affects many stages of CRC development. Fusobacterium nucleatum can increase the proliferation of cancer cells through two different mechanisms: 1) The binding of FadA and E-cadherin drives the activation of β-catenin and Wnt pathway (Rubinstein et al., 2013). 2) The activation of TLR4 and NF-κB leads to the increased expression of carcinogenic miR21 (Yang et al., 2017). The researchers verified the above conclusion by constructing an intestinal tumor model in Apcmin/+ mice, and found that compared with the control group, F. nucleatum can cause Apcmin/+ mice to exhibit high levels of proliferating cell nuclear antigen, promote cell proliferation, and increase the level of inflammatory mediators in mouse serum and myeloid cells infiltrating into the tumor, thus promoting the development of tumor (Kostic et al., 2013). In addition, F. nucleatum may also affect the metastatic transmission. It can work together with other species and genera of bacteria such as Bacteroides, Selenomonas, and Prevotella to promote the metastasis of CRC, and can be isolated from liver and lymph node metastasis (Bullman et al., 2017). After CRC treatment, F. nucleatum can inhibit mir-18a* and mir-4802 involved in autophagy, thus increasing the risk of CRC recurrence and chemotherapy resistance (Yu et al., 2017). In addition, F. nucleatum also promotes the glycolysis and carcinogenesis of CRC by upregulating the histone modification of ENO1 (a key component in the glycolysis pathway) and other genes by upregulating the long non-coding RNA enolase 1 (ENO1)-intron transcript (ENO1-IT1)] (Hong et al., 2020).
Escherichia coli
Escherichia coli is a kind of anaerobic Gram-negative symbiotic bacteria, which colonizes the human intestinal tract shortly after birth. However, some virulent strains of E. coli with pathogenicity island can infect human gastrointestinal system and induce diseases. E. coli strains are divided into four main phylogenetic groups: A, B1, B2, and D. Fecal strains often belong to groups A and B1, while the most common pathogenic strains carrying virulence factors belong to groups B2 and D (Smati et al., 2013). Some pathogenic strains in groups B2 and D are associated with inflammatory bowel disease (IBD), and IBD is a risk factor for CRC. Colibactin is a bacterial gene toxin first mentioned by Nougayrede et al., in 2006. It is mainly produced by E. coli. Some studies have shown that colibactin is closely related to CRC, which can cause double-strand DNA breakage, eukaryotic cell cycle arrest, and chromosome aberration, and induce CRC. In the CRC mouse model, colibactin-producing E. coli can promote the occurrence of colon cancer (Arthur et al., 2012). In human CRC cells, colibactin preferentially destroys DNA rich in AT-enriched hexamer sequence motifs, which is related to different DNA shape characteristics and electrostatic potential. Somatic mutations of colibactin targets were analyzed in thousands of cancer genomes, and it was found that colibactin-binding sequences aggregated in CRC (Dziubanska-Kusibab et al., 2020).
Bacteroides fragilis
Bacteroides fragilis is a kind of common bacteria in the intestinal tract, which is symbiotic with the host. Most bacteria help the human body digest food and maintain intestinal health. However, in some cases, these bacteria produce a toxin that disrupts the cells on the surface of the gut, thereby promoting CRC. There are two subtypes of B. fragilis, namely, nontoxic B. fragilis and enterotoxigenic B. fragilis (ETBF), which produce a kind of B. fragilis toxin (BFT). BFT can lead to the destruction of epithelial barrier and the cleavage of E-cadherin. At the same time, the cleavage of E-cadherin can activate the Wnt signal transduction pathway, stimulate mucosal inflammation, and promote the formation of colon tumor. In addition, the STAT3 pathway is the target of colon transformation, and it is also necessary for the development of Th17 cells. ETBF promotes the production of IL-17 b y Th17 cells through the rapid activation of the STAT3 pathway, which further promotes the activation of the NF-κB and Wnt pathways and the production of intestinal inflammatory tumor microenvironment. This process depends on the production of IL-17, and injection of IL-17 blocking antibody in mice can inhibit tumor formation (Dejea et al., 2013). ETBF can also upregulate the expression of spermine oxidase (SMO) in colonic epithelial cells, thus increasing the SMO-dependent reactive oxygen species (ROS), promoting the release of inflammatory cytokines and causing DNA damage, and ultimately promoting the development of CRC.
Campylobacter jejuni
As early as 20 years previously, it was reported that some Campylobacter, including C. jejuni, had cytolethal distending toxin (CDT) (Lara-Tejero and Galan, 2000). CDT has dnase activity, leading to DNA double-strand breaks. Zheng He et al. (Yusuf et al., 2019) found that C. jejuni 81–176 isolated from human body was colonized in sterile Apcmin/+ mice, which could significantly increase the number and size of tumor, and the macro transcriptome and intestinal flora of mice were also significantly changed. C. jejuni has a mutated CDTb subunit, which makes the bacteria unable to produce CDT, thus inhibiting its carcinogenesis in vivo and reducing the DNA damage response of cells and intestinal organs.
MECHANISM OF INTESTINAL MICROBIOTA PROMOTING COLORECTAL CANCER
The changes in intestinal microbiota abundance and intestinal microecological structure will lead to an imbalance of intestinal microbiota. Once the intestinal microbiota is unbalanced, the number of probiotics in the intestine will decrease, and the number of pathogenic bacteria will increase. Pathogenic bacteria will secrete a variety of toxic factors, damage intestinal epithelial cells, and cause chronic inflammatory reaction. Meanwhile, in the process of inflammation, a variety of cytokines and chemokines will be released to activate inflammation-related signaling pathways, thus promoting CRC. In addition, epigenetic modification enables host cells to alter gene expression and sequence. Microorganisms can interact with host genomes dynamically through the interface of epigenetic modification. Epigenetics also plays an important role in the occurrence and development of CRC.
Intestinal Microbiota and Immune Response
Intestinal microbiota promotes the maturation and regulation of mucosal and systemic immune systems through innate and adaptive immune cells. For example, the activation of intestinal cells, macrophages, pattern recognition receptors, and highly specific receptors on the surface of T cells and B cells in the mucosa is highly regulated by intestinal microorganisms (Lucas et al., 2017). Studies have shown that intestinal microflora can activate mucosal macrophages through intestinal mucosal M cells and trigger innate immune response, thus promoting the occurrence and development of CRC (Grivennikov et al., 2012). In adaptive immune response, including humoral response, soluble tumor antigen is recognized by specific B cells, matures, and produces tumor antigen-specific antibody with the help of CD4+ T cells (Vesely et al., 2011). Adaptive immunity plays an important role in regulating the composition of intestinal microflora, and the intestinal microbiota of mice lacking adaptive immunity will change accordingly (Kato et al., 2014; Zhang et al., 2015). Helper T cells, T cells, and B cells secrete immunoglobulin A (IgA) and participate in tumorigenesis through adaptive immune response (Palm et al., 2015). The main mechanism of T cells affecting the composition of intestinal microorganisms is to assist B cells to produce IgA in the intestine, and IgA is mainly secreted into the intestinal cavity, which can bind and cover the intestinal microorganisms and participate in shaping the intestinal microbiota.
Intestinal Microbiota and Immune Signal Pathway
IBD is an inflammatory bowel disease, including ulcerative colitis and Crohn's disease. CRC is closely related to IBD. Intestinal microbiota can induce mucosal lesions through pro-inflammatory cytokines, thus promoting IBD and increasing the risk of CRC (Ullman and Itzkowitz, 2011; Manichanh et al., 2012). Inflammatory cells release cytokines, such as IL-6, IL-8, IL-17, and TNF-α, which play an important role in the development of CRC. Studies have shown that Enterococcus faecalis (E. faecalis) infection can cause colitis and express TGF-β in intestinal epithelial cells, thus activating the Smad4 signaling pathway (Szigeti et al., 2012). E. faecalis can also produce ROS and H2O2, leading to DNA damage, thus activating NF-κB signaling pathway, stimulating inflammation, and affecting the occurrence and development of CRC. At the same time, it seems to be involved in the bystander effect of COX-2, that is, macrophages release TNF-α, causing chromosome instability and cell transformation, leading to CRC (Wang et al., 2013). In addition, Helicobacter pylori (H. pylori) can cause colorectal epithelial damage through IL-8-mediated inflammatory response, thus promoting the occurrence and development of CRC (Rubin et al., 2012). IL-17 is an important cytokine produced by Th17 cells, and the activation of STAT3 is required for Th17 cell growth. Two transcription factors, NF-κB and STAT3, are necessary for inflammation to promote the occurrence and development of cancer. ETBF can rapidly activate the STAT3 signaling pathway and promote Th17 cells to secrete IL-17; thus, IL-17-dependent NF-κB and Wnt pathways are activated to establish inflammatory tumor microenvironment in the gut (Goktuna et al., 2016; Housseau et al., 2016).
Intestinal Microbiota and Epigenetic Modification
Epigenetic modification is heritable and potentially reversible. It is the central mechanism of transcriptional response to environmental cues and regulates gene expression through DNA modification, histone modification, and non-coding RNA. Studies have shown that intestinal flora can directly or indirectly regulate epigenetic modification and affect the occurrence and development of CRC. Epigenetic mechanisms that play an important role in the occurrence and development of CRC include DNA methylation, histone modification, miRNA and non-coding RNA, and nucleosome localization (Sharma et al., 2010). miRNA-21 and miRNA-200 b are two carcinogenic miRNAs, which are often upregulated in colorectal cancer cells. However, the expression levels of miRNA-21 and miRNA-200 b were significantly decreased in HT-29 cells treated with Leuconostoc mesenteroides (Zununi Vahed et al., 2017). In addition, intestinal microbiota metabolites can regulate cell differentiation through epigenetics, such as T cell development. Symbiotic bacteria, such as Clostridium, can promote the production of colon ptreg cells through its fermentation product butyric acid, which is an HDAC inhibitor and can promote the acetylation of Foxp3 promoter and histone H3 in CNS1 (Furusawa et al., 2013). At the same time, acetic acid and propionic acid promote the accumulation of colon Treg cells by activating GPR43 (Smith et al., 2013). Both induce Foxp3+ and CD4+ Treg cells, which play a key role in limiting the inflammatory response during carcinogenesis. In addition, butyric acid can increase the histone methylation of NF-κB1 promoter, thereby downregulating the expression of NF-κB1. Short-chain fatty acids (SCFAs) induce the expression of anti-inflammatory IL-10 R A (IL-10 receptor alpha subunit mRNA) and antimicrobial peptides through HDAC inhibitor function. Therefore, with the downregulation of NF-κB1, SCFAs can inhibit colitis through epigenetic modification. In addition, the fecal bacteria transplantation experiment found that the intestinal flora can also affect the expression of tumor-related genes by increasing DNA methylation of multiple CpG sites in CRC cells (Yu et al., 2015).
INTESTINAL MICROBIOTA AND DIAGNOSIS OF COLORECTAL CANCER
Intestinal flora plays an important role in the diagnosis of CRC. It can be used as a biomarker in the diagnosis and prediction of CRC. Some studies revealed the characteristics of intestinal microflora that can predict CRC through metagenomic analysis of feces (Table 1). In this study, through metagenomic analysis of feces of people from different countries, different living habits and eating habits, bacteria associated with CRC were identified, such as Fusobacterium, Porphyromonas, Parvimonas, etc., which can be used as biomarkers for the diagnosis of CRC. In addition, they have also obtained two important research results: 1) The discovery of a special bacterium in CRC patients, F. nucleatum, which is common in the oral cavity and respiratory tract. Compared with healthy individuals, the level of F. nucleatum in CRC patients is higher. 2) The discovery of the correlation between CRC and microbial enzyme genes, which is an important microorganism in the feces of CRC patients Choline trimethylamine lyase (cutC) gene is a biological enzyme, which can degrade choline in meat and release acetaldehyde (Wirbel et al., 2019). This finding was also confirmed by Thomas et al. (Thomas et al., 2019), which indicates that intestinal bacteria in feces may be able to predict CRC. In addition, the assessment of gene changes in stool samples can accurately reflect the status of intestinal microbiota, which may provide important clues for the diagnosis and cause and effect of diseases and contribute to the early diagnosis of cancer (Yachida et al., 2019).
TABLE 1 | Summary of harmful and beneficial bacteria in colorectal cancer.
[image: Table 1]INTESTINAL MICROBIOTA AND PREVENTION OF COLORECTAL CANCER
Diet
CRC is a multifactorial disease, and changes in diet and lifestyle can aggravate the incidence and mortality rates of CRC. Excessive intake of animal protein and fat produces excessive secondary bile acids and hydrogen sulfide, which leads to barrier dysfunction, inflammation, DNA damage, genotoxicity, etc., and increases the risk of CRC, whereas dietary fiber produces SCFAs, such as butyrate, which plays anti-inflammatory and anti-tumor roles through cell metabolism, bacterial homeostasis, anti-proliferation, immune regulation, and epigenetics (Olagnier et al., 2018). In a follow-up study of more than 170,000 people with an average of 5.7 years, it was found that eating more red meat and drinking alcohol may increase the risk of CRC, while eating more fiber in breakfast may reduce the risk of CRC (Bradbury et al., 2020). In addition, in a case-control study, the correlation between flavonoids from different dietary sources and the risk of CRC was evaluated, and it was found that specific flavonoids, especially flavonoids from vegetables and fruits, were negatively correlated with the risk of colorectal cancer (Xu et al., 2016). Other studies have shown that a high-fiber diet can increase the diversity of SCFA-producing bacteria and the expression of butyrate receptor in mice, thereby inhibiting colon cancer (Bishehsari et al., 2018).
Fecal Microbiota Transplantation
In recent years, more and more studies have reported that fecal microbiota transplantation (FMT) has a good therapeutic effect on IBD, CRC, immune-related diseases, and other diseases. Routy et al. (Routy et al., 2018) found that intestinal flora improves the efficacy of anti-tumor immunotherapy based on PD-1, indicating that FMT can help fight tumors. The patients who responded to anti-PD-1 therapy had a varied species composition, such as Bifidobacterium, E. faecalis, etc. After anti-PD-1 treatment, the fecal bacteria from the patients with reaction can enhance the T cell effect and inhibit the development of tumor.
Probiotics, Prebiotics, Synbiotics, and Postbiotics
At present, the use of probiotics in the treatment and prevention of cancer has become a research hotspot. Probiotics are living microorganisms that, when given in sufficient quantity, will bring health benefits to the host (Hill et al., 2014). The most common probiotic strains are Bifidobacterium and Lactobacillus. The study found that Lactobacillus acidophilus and Lactobacillus plantarum have a potential preventive effect in patients with polyps or CRC. The study used 16 S rRNA to conduct preliminary gene detection on 77 samples of CRC, polyps, and healthy subjects, and used absolute real-time PCR to determine the copy number of bacteria per Gram of feces. The results confirmed that taking L. acidophilus and L. plantarum in people with a family history of CRC and patients with polyps may be a method to prevent, treat, or alleviate CRC (Zinatizadeh et al., 2018). In addition, Lactobacillus casei BL23, a probiotic-specific strain, can inhibit colitis-associated CRC, which can be used as a potential new strategy for the prevention and treatment of CRC. In the CRC mouse model induced by azoxymethane/dextran sulfate sodium (AOM/DSS), L. casei BL23 can reduce the histological score and proliferation parameters; reduce the level of cytokine IL-22; mediate the immunoregulation; upregulate the expression of caspase-7, caspase-9, and Bik; mediate the antiproliferative effect; and counteract the fecal flora imbalance induced by CRC in mice (Jacouton et al., 2017).
In addition, prebiotics are also a useful strategy to prevent CRC. Prebiotics are substrates that can be used by intestinal microorganisms and are beneficial to host health. The common prebiotics are fructans, inulin, fructooligosaccharides and galactooligosaccharides (Gibson et al., 2004; Bruno-Barcena and Azcarate-Peril, 2015). Galactooligosaccharides derived from lactulose (GOS-Lu) is a prebiotic preparation. In order to test its preventive effect on CRC, the Rattus norvegicus F344 animal model was established. The results showed that compared with the control group, the number of colon tumors in the GOS-Lu group was significantly reduced. At the same time, through the metagenomic sequencing of intestinal flora, it was found that the pro-inflammatory bacteria in the GOS-Lu group decreased significantly, while the beneficial bacteria increased significantly (Fernandez et al., 2018).
The combination of probiotics and prebiotics is called synbiotics, which have synergistic effects. Roller et al. found that the synbiotic combination of oligofructose-enriched inulin-based Lactobacillus rhamnosus and Bifidobacterium lactis can reduce the number of tumors by regulating the immune function in Peyer's patches, thus inhibiting the occurrence of CRC (Roller et al., 2004).
Postbiotics are soluble byproducts and metabolites secreted by intestinal microbiota, which have biological activity and thus interact with the host. Postbiotics have a protective effect on intestinal epithelial cells. Studies have shown that P40, a soluble protein derived from L. rhamnosus GG, can inhibit cytokine-induced epithelial cell apoptosis and intestinal barrier damage (Yan and Polk, 2012).
CONCLUSIONS
CRC, as a disease induced by many factors, is closely related to diet, the environment, and lifestyle. Intestinal microbiota plays an important role in the development of CRC by destroying the homeostasis of the microenvironment, changing immune response, producing toxic metabolites, and directly or indirectly affecting epigenetic modification. Several types of bacteria have been proven to promote CRC in various ways and mechanisms. As a biomarker, intestinal microbiota provides a new method for the early diagnosis of noninvasive CRC. At the same time, intestinal flora in feces can also help predict CRC, thus reducing the occurrence and development of CRC. However, due to the complexity of carcinogenic mechanism, the best biomarker for disease diagnosis has not yet been determined. CRC can be managed through healthy diet, the use of probiotics, and fecal transplantation; however, each method has certain limitations, such as in the use of probiotics, there will be individual differences in probiotics, by which under different pathogenic conditions, its role will change accordingly, so the use of probiotics must be targeted. Intestinal microbiota can ferment dietary fiber to produce SCFAs. Some bacteria have been identified as potential butyric acid producers, including FN (Vital et al., 2014). Butyrate is one of the most produced SCFAs. It can pass through the intestinal epithelium and reach the lamina propria, directly forming the mucosal immune response (Tilg et al., 2018). Most studies have shown that butyrate can inhibit inflammation and canceration of the colon, but some studies have found contrasting results (butyrate paradox) in which the beneficial or harmful effects of butyrate on the mucosal immune system depend on its concentration and immune environment (De Almeida et al., 2019). In addition, dietary fiber intake is not enough to produce high levels of butyrate for the prevention of inflammation and cancer. Therefore, it is necessary to conduct more research on interventions involving high-level dietary fiber intake in the near future. With the deepening of various studies, the etiology and pathogenesis of CRC will be further revealed, and the role of microorganisms in the formation, progress, and therapeutic response of CRC will be further confirmed. Intestinal microorganisms is anticipated to become an important part of the prevention and treatment of CRC in the future.
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Bacterial and viral infection is a common cause of pneumonia, respiratory failure, and even acute respiratory distress syndrome. Increasing evidence indicates that red blood cells (RBCs) may contribute to immune response and inflammation. However, the precise molecular mechanisms that link RBC and hemolysis to the development and progression of inflammatory pathologies are not entirely understood. In this study, we used bacterial endotoxin, lipopolysaccharide (LPS), to mimic an infectious hemolysis and found that RBCs dynamically regulated cell aggregation between immune cells and human lung microvascular endothelial cells (HLMVEC). When RBCs were treated with LPS, integrin α4β1 was increased and was accompanied by cytokines and chemokines release (TNF-α, IL-1β, IL-6, IL-8, IFN-γ, CXCL12, CCL5, CCL7 and CCL4). Upon α4β1 elevation, RBCs not only facilitated mature monocyte derived dendritic cell (mo-DCs) adhesion but also promoted HLMVEC aggregation. Furthermore, co-culture of the supernatant of LPS pre-treated RBCs with mo-DCs could promote naïve CD4 T cell proliferation. Notably, the filtered culture from LPS-lysed RBCs further promoted mo-DCs migration in a concentration dependent manner. From a therapeutic perspective, cyclic peptide inhibitor of integrin α4β1 combined with methylprednisolone (α4β1/Methrol) remarkably blocked RBCs aggregation to mo-DCs, HLMVEC, or mo-DCs and HLMVEC mixture. Moreover, α4β1/Methrol dramatically reduced mo-DCs migration up-regulated glucocorticoid-induced leucine zipper in mo-DCs, and ultimately reversed immune cell dysfunction induced by hemolysis. Taken together, these results indicate that integrin α4β1 on RBCs could mediate cell-cell interaction for adaptive immunity through influencing cell adhesion, migration, and T cell proliferation.
Keywords: integrin α4β1, methylprednisolone, cell aggregation, red blood cells, dendritic cells, endothelial cells
INTRODUCTION
Red blood cells (RBCs) are emerging as important modulators of the innate and adaptive immune response (Anderson et al., 2018). Generally, RBCs are not considered as adhesive cells though they express a large number of adhesion molecules (Pretini et al., 2019). Nevertheless, in a number of pathological and disease-associated circumstances such as in sickle cell disease (SCD), malaria, polycythemia vera, hereditary spherocytosis, retinal vein occlusion and diabetes mellitus, RBCs notably alter their behaviors upon stimulated, adhere to each other and consequently to the endothelium (Dean et al., 2013; Pretini et al., 2019). Chaar et al. reported that mononuclear cells and RBCs could aggregate together through cell adhesion molecule interaction in SCD (Chaar et al., 2010). Both mature RBCs and reticulocytes were involved in these aggregations through interaction with mononuclear cells, particularly monocytes. Schӓkel and colleagues have shown ex vivo that an excess of RBCs, mimicking the physiological conditions in the blood, could completely prevent the phenotypical maturation of the proinflammatory subset of circulating dendritic cells (DCs) (Schäkel et al., 2006). In vivo and in vitro studies show that RBCs facilitate the engagement of circulating lymphocytes within the vascular endothelium (Munn et al., 1996; Melder et al., 2000). Additionally, vesicle-derived RBCs augment mitogen-driven T cell proliferation in peripheral blood mononuclear cell (PBMC) cultures in an antigen presenting cell- and cell contact-dependent manner (Jy et al., 2011; Danesh et al., 2014). A study has showed that packed red blood cell (PRBC) supernatant potentiates proinflammatory LPS-induced cytokine secretion from PBMCs. This response is accentuated with storage duration and partially attenuated with leukoreduction (Chaar et al., 2010).
Although the mechanisms underlying the crosstalk between RBCs and immune cells in healthy and diseased hosts remain largely unknown, more than 50 types of transmembrane proteins have been reported to involve in the transport, adhesion, and structural integrity of RBCs (Pretini et al., 2019). Integrin associated proteins on RBCs are important mediators of cell adhesion. One of the most characterized RBC adhesion molecules is integrin α4β1 (or very late antigen-4, VLA-4) on the cell surface of RBCs or reticulocytes that bind to vascular cell adhesion molecule-1 (VCAM-1), thrombospondin, and fibronectin (Gee and Platt., 1995; Kumar et al., 1996). Brittain et al. report that there is an interaction between reticulocytes and monocytes both in whole blood samples and in in vitro adhesion assays. Such interaction is mediated by α4β1 integrin, expressed on both cell types, via a bridge of soluble fibronectin (Brittain et al., 2008). Lu/BCAM proteins are also constitutively expressed on the endothelial cell surface and interact with α4β1 integrin on young sickle RBCs, which may contribute to the abnormal adhesion of these RBCs to resting endothelium (El Nemer et al., 2007). Furthermore, RBC markers have been found to undergo a significant change during storage, which may have detrimental immunomodulatory and hemostatic effects on the transfused RBCs (Brittain et al., 2004). RBCs are a dynamic reservoir of cytokines and chemokines in which a panel of 48 cytokines, chemokines, and growth factors in the lysate, cytosol, and conditioned media of RBCs from healthy volunteers have been identified (Karsten et al., 2018). Dean et al. also identified a panel of 32 potential biological response modifiers in the supernatants of PRBC during storage. The study found that the concentrations of ICAM-1, VCAM-1, and IL-1α varied greatly among the individual storages of PRBC (Dean et al., 2013). Recently, accumulating evidences have provided insights into the role of RBCs in the regulation of immune responses, but precise mechanisms underlying RBCs’ ability to influence immune cells remain to be defined. In this study, we aimed to investigate a possible interaction between RBCs and mo-DCs and explore how hemolysis affected cell aggregation, migration, signaling pathway activation, and cytokine release. A therapeutic opportunity for reversing immune cell dysfunctions induced by hemolysis was also explored.
MATERIALS AND METHODS
Reagents
The antibodies to CD4 FITC and CD14 BV711 were obtained from Biolegend (San Diego, CA, United States). The antibodies to integrin β1 were obtained from BD Bioscience (San Jose, CA, United States). GILZ monoclonal antibody (CFMKG15) PE, rat IgG2a isotype control PE were from eBioscience (San Diego, CA, United States). Natalizumab was obtained from Novus Biologicals (Centennial, CO, United States). ELISA kits to TNF-α, IL-6, IL-1β, IL-8, IFN-γ were from R&D SYSTEMS (Minneapolis, MN, United States). ELISA kits to C-X-C motif chemokine 12 (CXCL12), chemokine (C-C motif) ligand 5 (CCL5), chemokine (C-C motif) ligand 7 (CCL7), and chemokine (C-C motif) ligands 4 (CCL4) were from LSBio (Seattle, WA, United States). Human CD14 cell isolation Kit was from Miltenyi Biotec Inc. (Auburn, CA, United States). EasySep Human naïve CD4 T cell isolation kit was from STEMCELL Technologies Inc. (Seattle, WA, United States). The recombinant cytokines of IL-1β, IL-6, IL-8, IFN-γ, IL-4, GMCSF, and TNF-α were obtained from Sino Biological (Wayne, PA, United States). The cyclic peptide inhibitor of integrin α4β1 (azide modified peptide: MePhe-Leu-Asp-Val-Aib-Lys) (Yu et al., 2020) control peptides (cyclic MePhe-Ala-Ala-Ala-Aib-Lys), and peptide drug conjugates (PDC), cyclic peptide inhibitor of integrin α4β1 conjugated methylprednisolone (α4β1/Methrol), and control peptide/methrol were synthesized using solid-supported chemistry by InnoPep Inc (San Diego, CA, United States). Click-iT Cell Reaction Buffer Kit, Alexa 488 alkyne, Alexa 555 conjugate of wheat germ agglutinin (WGA-555), and Alexa 488 conjugate of wheat germ agglutinin (WGA-488) were purchased from Invitrogen (San Diego, CA, United States). LPS and all other chemical reagents were obtained from Sigma (St. Louis, MO, United States).
Sample Preparation
Peripheral blood samples were collected from healthy adult donors. Ethical approval was obtained from the Hunan Children Hospital, China (Ethical approval number: HCHLL-2021-30). All donors signed a written informed consent. Whole blood of healthy donors was withdrawn via puncture of a medial cubital vein. To prepare RBC samples, blood from two donors were combined as a sample, isolated red cells were washed twice in phosphate-buffered saline (PBS) containing 2% fetal bovine serum (FBS) with buffy coat removal, and leukocyte depletion filter (BioR, Fresenius Kabi, Bad Homburg, Germany). Subsequently, cells were resuspended in PBS, counted, and then kept on ice for 1 h. For preparation of RBCs conditioned medium samples, RBCs were exposed to different concentrations of LPS for various periods of time. To prepare large volume hemolytic samples, 5 ml of 1 × 109 RBCs/ml were used in assay. After being exposed to LPS, RBCs suspensions were centrifuged at 1,500×g for 10 min. The supernatants were harvested and filtered, designated here as control sup (C-sup, no treatment) or LPS-treated RBCs sup (L-sup) for downstream experiments.
Isolation of CD14 Cells and Naïve CD4 T Cells
Peripheral blood mononuclear cells were isolated with Ficoll-Pague gradient centrifugation from the donors’ peripheral blood. CD14 cells were purified with the CD14 cell isolation kit (negative selection) following the instruction manual provided by Miltenyi Biotec Inc. The naïve CD4 T cells were purified with EasySep Human Naïve CD4+ T Cell Isolation Kit following the manufacturer’s protocol (STEMCELL Technologies Inc.). The purity of CD14 or CD4+ T cells was confirmed by flow cytometric analysis.
Human Lung Endothelial Cells (HMVEC-L) Cultivation
Primary human lung microvascular endothelial cells were purchased from Lonza (HMVEC-L, CC-2527, Basel, Switzerland). The HMVEC-L cells were maintained in endothelial basal medium-2 (EBM-2, CC-3156) supplemented with endothelial growth medium (EGM-2) MV BulletKit from Lonza Clonetics (CC-3202) at 37°C and 5% CO2, until achieving a 70–90% confluence. The cells were then treated with Trypsin-EDTA (Lonza) and seeded in assay plates. The cells at 3–8th passages were used for the experiments.
Ex vivo Hemolysis Assay
Ex vivo hemolysis assay was performed essentially as described by Karsten et al. (Brittain et al., 2004). Human RBCs were washed twice in PBS and resuspended in RPMI-1640 medium (Sigma) at a density of 1 × 109 RBCs/mL at 4°C. One hundred microlitre of RBCs exposed to LPS (0, 5, and 50 μg/ml) in RPMI-1640 medium supplemented with 1% penicillin-streptomycin (HyClone Laboratories, Logan, UT, United States) and incubated at 37°C for 24–48 h. The supernatants were collected or stored at −80°C until measurements for free hemoglobin protein (HGP) concentration, plasma activity of lactate dehydrogenase (LDH), and the levels of cytokines and chemokines. Hemolytic activity was assessed using levels of HGP by blood cell analyzer (Sysmex 800i, Japan) and LDH by automatic biochemical analyzer (Beckmancounter AU5800, United States) at the Laboratory of Hunan Children Hospital Center, China.
Generation of Mature Monocyte Derived Dendritic Cells
6 × 10⁶ isolated CD14+ monocytes were cultured in 3 ml/well of 6-well plate in complete medium (RPMI 1640, 2 mM L-glutamine, 1% autologous plasma, 1% penicillin-streptomycin) supplemented with 250 IU/ml IL-4 and 800 IU/ml GM-CSF. Cells were incubated at 37°C and 5% CO2 for 2 days. 1.5 ml/well of cells were resuspended in complete medium with the 2-fold concentration of IL-4 and GM-CSF and then put back to the original culture. Cells were incubated at 37°C and 5% CO2 for 3 days. At day 6, cells were resuspended in 1.5 ml (per well) medium supplemented with 2,000 IU/ml IL-6, 400 IU/ml IL-1β, 2,000 IU/ml TNF-α, and 2 μg/ml PGE2 and placed the supplemented resuspension back into the original culture and incubated for another 3 days. The phenotypes of mo-DCs were assessed by flow cytometry on day 10. The morphology of mo-DCs was defined by a light microscope image (Keyence microscope BZ-X800).
Cell-Cell Aggregation Assay in Suspension
We recently reported a single cell suspension self-aggregation assay (Yu et al., 2020). In this study, the protocol was modified to test multiple cell suspensions for aggregation in 96-well plate. Briefly, different dyes of Hoechst, WGA-555, and WGA-488 were used to label the different live cells. Each cell suspension was immediately mixed into wells of 96-well plate with a total volume of 100 µl per well. Cell densities, medium volumes, incubation times, and treatment schedules were optimized for different experiments. Cell-cell suspensions in plates were placed on a microplate shaker to shake orbitally for 30–60 min followed by 10 s at 500 rpm to ensure that the cell aggregates and existing single cells within the wells were processed uniformly. This procedure also eliminated the non-specific cell clusters that would mechanically be dissociated into single cells while cell-cell aggregates remained in wells. Afterward, the plates were left on the bench for 20 min and subjected to imaging captures by fluorescence microscopy (Keyence BZ-X800) or cells were fixed by addition of 50 µl 3× prefer fixative for further image capture (Anatech Ltd. sop 410, Battler Creek, MI, United States). Values calculated by ImageJ (National Institutes of Health (NIH), Bethesda, MD, United States) represented the mean ± standard deviation (SD) of at least six independent experiments.
Monocyte Derived Dendritic Cells Migration Assay
Monocyte derived dendritic cell migration assay was performed in a Boyden chamber system (Millipore QCM 24-well, Temecula, CA, United States). mo-DCs were suspended in assay medium (serum-free RPMI 1640 containing 0.05% BSA). 800 μl of indicated sample was placed in the lower chamber. To prepare the testing samples in the lower chamber, RBC supernatants were filtered using 0.45 µm filter (Millipore) to remove RBCs after being pre-treated with LPS (50 μg/ml) for 48 h in culture (L-sup) or medium as control supernatant (C-sup). 400 µl of each supernatant was diluted in 800 µl assay medium in well of 24 well plate in the lower chamber. 200 µl of 2 × 105 mo-DCs labeled with 0.1 μg/ml of Hoechst in assay medium was added into the upper chamber and then incubated for 6 h. Afterwards, the plate was put in a microplate shaker to shake orbitally for 10 s at 500 rpm to ensure that the cells in wells were processed uniformly. 200 μl of cells from the low chamber well was transferred to 96 well plate and shaken for 10 s at 500 rpm and then Hoechst positive cells were counted under a Keyence fluorescence microscope (BZ-X800 Series, Itasca, IL, United States). Values calculated by ImageJ represented the mean ± SD of at least three independent experiments.
RBCs Integrin β1 Detection
One millilitre of 1 × 109/ml RBCs were exposed to LPS or PBS for 48 h. Cells were washed once using PBS and resuspended in PBS. Cells were stained with FITC anti-human β1 antibody and FITC mouse IgG1 isotype control for 60 min on ice. Cells were washed twice with 100 µl of PBS and then resuspended in 200 µl PBS for flow cytometric analysis. Values calculated by mean fluorescence intensity (MFI) represented the mean ± SD of at least three independent experiments.
ELISA Assay
Levels of cytokines (TNF-α, IL-6, IL-1β, IL-8, IFN-γ) in RBCs supernatants were quantified using a commercial ELISA Kit according to the manufacturer’s guidelines (R&D system, Minneapolis, MN, United States). Chemokines (CXCL12, CCL5, CCL7, and CCL4 were quantified in RBCs supernatants using commercial ELISA Kit following the manufacturer’s recommendations (LSBio, Seattle, WA, United States). Human VCAM-1 was quantified in RBCs supernatants using commercial ELISA Kit following the manufacturer’s recommendations (LSBio, Seattle, WA, United States). Red blood cells were kept at a density of 5 × 108 cells per well in 96-well plate in a total volume of 200 µl PBS in the presence of LPS (0, 50 μg/ml) in 37°C, 5% CO2 incubator for 48 h. The supernatants were harvested after centrifugation at 1,000 × g for 15 min and stored at −80°C until use for the cytokines ELISA assay. To determine cytokine concentration, each sample was diluted in PBS at different ratios for optimization. Concentration of each cytokine or chemokine was determined from a linear regression standard curve using the standard protein controls provided in the kit. Data represented the mean ± SD of three independent experiments.
T Cell Priming Capacity in Mixed Lymphocyte Reaction (MLR) Assay
To prepare RBCs/mo-DCs culture, 1 ml of 1 × 109 RBCs were exposed to LPS (0, 50 μg/ml) in well of 24-well plate in PBS at 37°C and 5% CO2 for 48 h. Afterwards, 50 µl of RBCs suspension was added into well of 96-well plate containing 2 × 104 mo-DCs in 100 µl complete medium and co-cultured at 37°C and 5% CO2 overnight. The next day, 5 × 106 purified naive CD4+ T cells were suspended in 400 µl PBS, and labeled with 100 µL of a 10 µM CellTrace Violet solution (Life Technologies) for 5 min at room temperature (RT). Subsequently, the cells were washed three times with 2 ml MLR medium (RPMI 1640, 2 mM L-glutamine, nonessential amino acids, 0.1 mM sodium pyruvate, 5% human AB serum). Finally, the CD4+ T cells were suspended in MLR medium at a density of 5 × 105 cells/ml. Subsequently, the labeled T cells (100 µl per well) were added and cultured for 5 days at 37°C, 5% CO2. Proliferation of CD4+ T cells was determined by measuring the fluorescence of CellTrace Violet by flow cytometry. Cell debris and dead cells were excluded from the analysis by scatter signals and propidium iodide (PI) fluorescence.
Luciferase Reporter Assay
CD4 naïve T cells were seeded in six-well plates at 2 × 106 cells per well and then treated with medium only, RBCs supernatant only, mo-DCs supernatant only, LPS only, and LPS pre-treated RBCs/mo-DCs supernatant, respectively. The pretreated CD4 naïve T cells were transfected for 48 h with NF-κB luciferase reporter vector and a negative control vector provided from the NF-κB reporter kit (BPS Bioscience, San Diego, CA, United States). Cells were harvested, lysed, and prepared before subjected to the dual luciferase reporter assay (Promega, Madison, WI, United States). Luciferase activity was measured using a luminometer (Tecan, Mannedorf, Switzerland) and relative luciferase activity was calculated as the fold change over the unstimulated vehicle control.
Intercellular GILZ Detection
One millilitre of 1 × 109 RBCs was exposed to LPS (0, 50 μg/ml) in well of 24-well plate in PBS at 37°C and 5% CO2 for 48 h. Afterward, 50 µl of RBCs were added into well of 96-well plate containing 2 × 104 mo-DCs in 100 µl complete medium and co-cultured at 37°C and 5% CO2 overnight. Subsequently, the α4β1/Methrol (10 µM) and controls (100 µl per well) were added and incubated on ice for 60 min, then washed with complete medium and cultured overnight at 37°C, 5% CO2. Afterwards, non-nucleated erythrocytes were lysed with 1-step Fix/Lyse solution at 37°C for 20 min while preserving leukocyte population. Cells were washed twice with 100 μl of Intracellular Staining Perm Wash Buffer (Biolegend), centrifuged at 350 × g for 5 min, permeabilized by exposure to 100% methanol for 90 min on ice, and washed twice with PBS. Samples were stained with anti-GILZ PE (1:200) at RT for 60 min. Samples were washed with PBS and 100 μL PBS added to each well for flow cytometric analysis.
Generation of α4β1/Methrol
We previously reported that the cyclic peptide inhibitor, peptide C (MePhe-Leu-Asp-Val-Aib-Lys) could block integrin α4β1 mediated CD4 T cell self-aggregation by HMGB1 or LPS stimulation (Yu et al., 2020). This α4β1 inhibitor binds VCAM-1 via the “Leu-Asp-Val” tripeptide (LDV) (Wayner and Kovach, 1992; Kaneda et al., 1997; Cringoli et al., 2020). The cyclic peptide inhibitor of integrin α4β1 conjugated to Methrol (α4β1/Methrol) was synthesized using solid-supported chemistry by InnoPep Inc (San Diego, CA, United States). This conjugate had been used to target integrin α4β1 for blocking RBCs mediated cell-cell aggregation in our previous study (Yu et al., 2020). In this study, we further explored whether the molecule could reverse the immune cell disorder in hemolysis.
Statistical Analysis
All data were presented as mean ± SD. Comparison among groups was performed by Kruskal–Wallis one-way analysis of variance. Significant differences were noted at p < 0.05.
RESULTS
Evidence of Hemolysis Induced by Bacterial Lipopolysaccharide in Red Blood Cell Suspension
To investigate LPS-induced hemolysis, we used red cell suspension only, which was absent of plasmatic blood components to exclude the other effectors such as complement systems and leukocytes that may contribute to hemolysis. As shown in Figure 1A,B, a dark red color was observed in the wells of RBCs treated with LPS at 50 μg/ml for 24 h, 5 μg/ml for 48 h or 50 μg/ml for 48 h compared to PBS-treated control cells. After LPS exposure, free HGP concentrations were significantly increased at both 5 and 50 μg/ml of LPS for 48 h (p < 0.001) (Figure 1C), and free LDH activities were dramatically increased for all the three treatment schedules (p < 0.001) (Figure 1D). These data provided the clear evidence that LPS evoked hemolysis in vitro. Our data were consistent with a previous study (Brauckmann et al., 2016).
[image: Figure 1]FIGURE 1 | Hemolysis induced by bacteria LPS. (A–B) Detection of LPS-induced RBCs lysis indicated by dark red color. (C) Free HGP content after exposure of RBCs to LPS at 5 or 50 μg/ml for 48 h (D) LDH activity after exposure of RBCs to LPS at 50 μg/ml for 24 h or at 5 or 50 μg/ml for 48 h ***p < 0.001 vs. control. Data were representative of four blood donors.
Integrin α4β1 on Red Blood Cells in Hemolysis Facilitates Monocyte Derived Dendritic Cells and Human Lung Microvascular Endothelial Cells Aggregation
To prepare cell suspension, mo-DCs were generated from CD14+ monocytes after the addition of a cytokine cocktail for 10 days. Monocyte-derived dendritic cells were identified by phenotypic maturation markers such as CD83, CD11c, HLA-DR, and CD86 (all >95% purity) using flow cytometry (Supplementary Figure S2A) and by cell morphology (Supplementary Figure S2B). The purity of CD14 and CD4 naïve T cells isolated from PBMC was greater than 85 and 95%, respectively (Supplementary Figure S2C). To evaluate cell-cell aggregation in a quantitative manner, we developed imaging protocol to visualize and analyze their morphologies by using the Keyence fluorescence microcopy assisted with ImageJ software. After pre-labelling RBCs with WGA-555 and mo-DCs nuclei with Hoechst, the clustered area was determined by ImageJ software and RBCs/mo-DCs aggregates were defined and counted when the area was greater than 350 μm2 (Figure 2A). RBCs mixed with mo-DCs could form RBCs/mo-DCs aggregation, whereas LPS pre-treated RBCs formed larger cell aggregates with mo-DCs, which could be reduced by Integrin α4β1 peptide inhibitor. Figure 2B shows the strategy for dynamic imaging analysis for mixture of RBCs, mo-DCs, and HLMVEC. RBCs, mo-DCs, and HLMVEC were pre-labeled with WGA-555, WGA-488, and Hoechst dye, respectively. Based on cell area and combination of each color intensity, imaged objects in wells were characterized to define the diversity of cell aggregates by Image-Pro Plus software. Based on image three color fluorescence, cell aggregate objects were gated and counted as different aggregate events (event-1: red and blue color threshold for RBCs/mo-DCs; event-2: red and blue colors threshold for RBCs/HLMVEC aggregates; and event-3: red, green, and blue colors threshold for RBCs/mo-DCs/HLMVEC aggregate). Figure 2C left two panels shows image data calculation and analysis for cell aggregation. The mo-DCs per se were able to form cell self-aggregation. Compared to mo-DCs self-aggregation baseline, LPS alone or untreated RBCs did not significantly induce mo-DCs aggregation (p > 0.05). To our surprise, LPS treated RBCs dramatically increased RBCs/mo-DCs cell aggregation compared to the controls (mo-DC alone, LPS + mo-DCs, and RBCs/mo-DCs) (p < 0.05). In addition, cyclic α4β1 peptide inhibitor significantly blocked RBCs/mo-DCs aggregation induced by LPS. To further evaluate multiple cell interaction, we identified three types of cell aggregation in suspension. To test whether LPS pre-treated RBCs could affect aggregation to mo-DCs and/or HLMVEC, a multiple-cell aggregation study was performed. As expected, LPS pre-treated RBCs facilitated aggregation of mo-DCs, HLMVEC or mo-DCs/HLMVEC as compared to RBCs controls (p < 0.05). In the same well, the total single cell counts dropped dramatically (data not shown). The results revealed that the LPS-induced hemolysis could significantly facilitate both mo-DCs and HLMVEC aggregation. Since integrins mediate immune cell interaction and migration and up-regulation of integrin α4β1 induced aggregation of mononuclear cells and RBCs in sickle cell disease, we sought to determine whether the integrin α4β1 on RBCs is a mediator of cell-cell aggregation in hemolytic condition. As shown in Figure 2C middle panel flow cytometry picture, % of integrin α4β1 positive RBCs was increased dramatically on LPS treated RBCs compared with the controls (0.01, Figure 2C indicated panel) by the flow cytometric analysis. Of note, natalizumab, a humanized monoclonal antibody against α4 integrin that is FDA-approved medication used to treated multiple sclerosis and Crohn’s disease (Sellner and Rommer, 2019) had an activity in blocking RBCs/mo-DCs aggregation to an extent comparable to that of the cyclic peptide inhibitor of integrin α4β1 (Figure 2C last right panel). Taken together, these results confirmed that the integrin α4β1 on RBCs in LPS-induced hemolysis facilitated cell-cell aggregation.
[image: Figure 2]FIGURE 2 | (A) Images of RBCs/mo-DCs aggregates captured by Keyence fluorescence microscope. RBCs and mo-DCs were pre-labeled with WGA-555 and Hoechst dye, respectively. Top panels show medium control; middle panels show LPS treated RBCs group (LPS 50 μg/ml for 24 h); bottom panels show the RBCs/mo-DCs group with RBC pretreated with 10 µM of the cyclic peptide inhibitor of integrin α4β1. White arrows pointed RBCs/mo-DCs aggregates. (B) The imaging strategy to distinguish cell aggregation with the corresponding three cell types in cell suspension. RBCs, mo-DCs, and HLMVEC were pre-labeled with WGA-555, Hoechst dye and WGA-488 respectively. Accordingly, aggregates were defined as RBCs/mo-DCs (white arrows), RBCs/HLMEC (yellow arrows), and RBCs/mo-DCs/HLMEC (pink arrows). (C) Quantification of cell aggregation calculated by imaging analysis software (left two panels). Several controls were used to access the ability of cell aggregation as indicated. Flow cytometric analysis of the integrin β1 expression on RBCs (middle panel). Integrin β1 on RBCs treated by LPS increased significantly compared to untreated control (graph bar panel, right side of flow cytometry picture). The α4β1 peptide inhibitor (10 µM) or Natalizmab (10 μg/ml) blocked cell-cell aggregation of RBCs/mo-DCs in a concentration-dependent manner while peptide control or Methylprednisolone alone had no effect on cell aggregation (Bottom right panel). All data were representative of mean ± SD, with at least three biological replicates. *p < 0.05, ***p < 0.001.
Hemolysis by Lipopolysaccharide Induced Monocyte Derived Dendritic Cells Migration
Chemokines are essential for mo-DCs migration. Several studies have implicated the role of DCs in progression and destabilization of the atherosclerotic plaque (Yao et al., 2011; Rai et al., 2016). A variety of factors including LPS, inflammatory cytokines, ligation of selected cell surface receptors and viral products can induce DC maturation toward a DC profile capable of inciting primary T cell responses (Yao et al., 2011). Having demonstrated that LPS could evoke hemolysis, we next sought to determine whether the hemolysis would affect mo-DCs migration. As shown in Figure 3A, the filtered L-sup induced mo-DCs migration in a concentration-dependent fashion. Figure 3B shows that a panel of cytokines that include TNF-α, IL-1β, IL-6, IL-8, IFN-r, chemokine CXCL12, CCL5, CCL7, and CCL4 were significantly increased compared to the control groups (*p < 0.05, **p < 0.01, ***p < 0.001). Therefore, RBCs lysis by LPS could release chemokines or cytokines to induce mo-DCs migration. Intriguingly, vascular cell adhesion molecule 1 (VCAM-1), known to be an endothelial ligand for integrin α4β1 that could mediate the adhesion of lymphocytes, monocytes, eosinophils, and basophils to vascular endothelium, was also increased in the filtered L-sup.
[image: Figure 3]FIGURE 3 | (A) Hemolysis by LPS induced mo-DCs migration. After overnight incubation with mo-DCs, the number of cells was counted by microscopy. L-sup induced mo-DCs migration in a concentration-dependent manner (*p < 0.05, **p < 0.01, ***p < 0.001 vs. the respective controls). Data were representative of mean ± SD of three experiments. (B) Detection of the cytokine and chemokine levels by ELISA. The cytokines (TNF-α, IL-1β, IL-6, IL-8, and INF-γ), chemokines (CXCL12, CCL5, CCL7, and CCL4), and VCAM-1 were significantly increased at L-sup (*p < 0.05, **p < 0.01 vs. their respective controls). Data were representative of mean ± SD from six experiments.
Red Blood Cells in Hemolysis Stimulate T Cell Proliferation and Activate NF-κB Signaling Pathway
Given that the RBCs are the reservoirs of cytokines and chemokines, we further investigate whether RBCs in hemolysis would affect immune T cell proliferation and signaling activation. In MLR assay, naïve CD4 T cells isolated from healthy PBMC donors were co-cultured with mo-DCs in the presence of RBCs treated with LPS for five days. Figure 4A shows the representative flow cytometry data in which a new generation of CD4 T cells were stained relatively weak by Celltrace Violet. The representative result demonstrated that the culture of mo-DCs with LPS pre-treated RBCs stimulated CD4 T cell proliferation (35.56% vs. 21% in the untreated control group). Consistent with a previous study (Zinser et al., 2019), mo-DCs with LPS pre-treated RBCs significantly induced CD4 T cell proliferation (Figure 4B). To elucidate a mechanism responsible for the CD4 T cell activation, the NF-κB Reporter kit designed for monitoring the activity of the NF-κB signaling pathway in the cultured cells was employed. Figure 4C shows that LPS pre-treated RBCs co-cultured with mo-DCs significantly increased the NF-κB-stimulated luciferase activity (p < 0.01 compared to medium, RBCs alone and mo-DCs alone; p < 0.05 compared to LPS alone). These results suggest that RBCs in hemolysis may affect mo-DCs function and stimulate naïve T cell proliferation via activation of the NF-κB signaling pathway.
[image: Figure 4]FIGURE 4 | (A) The representative flow cytometric histograms by CellTrace Violet staining and the two violet peaks represent new (left) and original (right) generations of CD4 T cells 5 days after being grown in co-cultures of mo-DCs and LPS-pretreated or untreated RBCs. (B) The bar graph shows the average number of new generation of CD4 T cells determined from three independent experiments. (C) The effect of LPS pre-treated RBCs co-cultured with mo-DCs on the activation of NF-κB in naïve T cells by the NF-κB luciferase assay from 3 independent experiments (**p < 0.01 vs. controls; *p < 0.05 vs. LPS alone).
α4β1/Methrol Reverses Monocyte Derived Dendritic Cells Dysfunctions in Hemolysis
Based on the observation that RBCs in hemolysis could evoke mo-DCs dysfunction, we try to formulate a strategy by using the conjugate of α4β1 integrin inhibitor and methylprednisolone to reverse the hemolysis-induced abnormal cell-cell aggregation, migration, T cell immunity and NF-κB signaling. Figure 5A shows that LPS pre-treated RBCs significantly promoted cell-cell aggregation between RBCs/mo-DCs, RBCs/HLMVEC, and RBCs/mo-DCs/HLMVEC, all of which could be blocked by α4β1/Methrol. As expected, the α4β1 inhibitor/Methrol significantly inhibited mo-DCs migration induced by the hemolytic supernatant (Figure 5B). In the mo-DCs migration assay, while LPS alone could induce mo-DCs migration the supernatant from LPS treated RBCs produced a larger effect on the cell migration (*p < 0.05). Moreover, it also dose-dependently inhibited mo-DCs migration initially promoted by L-sup (Figure 5C). Notably, the flow cytometric analysis showed that the α4β1 inhibitor/Methrol dramatically upregulated GILZ expression in the LPS pre-treated RBCs and mo-DCs cultures (Figure 5D,E, p < 0.05). Thus, the conjugate of cyclic peptide inhibitor of integrin α4β1 and Methrol could reverse mo-DCs dysfunctions caused by the hemolysis.
[image: Figure 5]FIGURE 5 | (A) LPS pretreated RBCs induced cell-cell aggregation on RBCs/mo-DCs, RBCs/HLMVEC, and RBCs/mo-DCS/HLMVEC (*p < 0.05 vs. untreated groups). Such effects were blocked by α4β1/Methrol (#p < 0.05). (B) LPS or L-sup enhanced mo-DCs migration (*p < 0.05, ##p < 0.01 vs. C-sup; *p < 0.05, L-sup vs. LPS alone) which was attenuated by α4β1/Methrol (*p < 0.01 vs. L-sup). (C) α4β1/Methrol decreased L-sup induced mo-DCs migration in a concentration-dependent manner [*p < 0.05 vs. peptide drug conjugate (PDC control)]. Data were representative of mean ± SD of three experiments. (D) GILZ-expressing mo-DCs analyzed by flow cytometry (dark color: PDC control; light black color: 10 µM α1β4/Methrol treatment for 24 h). (E) MFI values of GILZ-expressing mo-DCs quantitated by flow cytometry. α4β1/Methrol significantly increased the number of mo-DCs expressing GILZ as compared to PDC control (*p < 0.05).
DISCUSSION
Currently, RBCs are emerging as an important modulator of the innate and adaptive immune response (Chaar et al., 2010; Anderson et al., 2018; Pretini et al., 2019), particularly in pathological and disease associated conditions such as PRBCs transfusion, SCD, infection sepsis, atherosclerosis, and autoimmune disorders (Anderson et al., 2018). RBCs interact with other cells leading to cell-cell aggregation and activation of aberrant signaling pathways resulting in dysfunction of immune cells (Yao et al., 2011). To investigate the interaction of RBCs and immune cells, we examined the effects of RBCs on immune cells including mo-DCs, HLMVEC, and T cells. We mimicked in vitro pathological conditions, i.e., LPS-induced hemolysis. After exposure of human RBCs to LPS, the evidence of hemolysis was assessed by measuring the concentrations of HGB and LDH. We found that RBCs in hemolysis increased their adhesive abilities to aggregate with mo-DC, HLMVEC, and T cells. We recently reported a method where the immune CD4 T cell self-aggregation in bloodstream induced by HMGB1 could be monitored as initial measure of immune cell activation at the early phase of inflammatory response (Yu et al., 2020). This method was able to sensitively detect immune cell self-aggregation in blood in a cell suspended status. In this study, by improving cell self-aggregation protocol, we observed cell-cell interaction under multiple cell suspension conditions. Two or even three cell types could be labeled with different dyes to track cell behaviors and to define the diversity of cell aggregates (named as different “events”). RBCs pre-treated with LPS dramatically facilitated mo-DCs or HLMVEC aggregation in cultures. To our surprise, RBCs treated with LPS promoted the mo-DCs and HLMVEC aggregation in culture compared to the untreated group. The results revealed that RBCs in hemolysis increased cell adhesive capability and promoted a crosstalk with mo-DCs and HLMVEC. The major advantage of using multiple cell aggregation imaging protocol is to provide a novel methodology for monitoring cell aggregation in blood flow when infectious hemolysis or associated inflammatory crisis occurs at an early phase of disease. Several studies have implicated the role of DCs in progression and destabilization of the atherosclerotic plaque. Dendritic cells are key sentinel cells of the innate immune system that possess the ability to stimulate the adaptive immunity. Buttari and colleagues reported that altered expression of CD47 at erythrocyte surface or its loss due to vesiculation could represent the main mechanism of the functional impairment of erythrocytes in patients via crosstalk with DCs (Buttari et al., 2015). The aggregation of RBCs to endothelial cells have been linked to various vascular disorders such as SCD, DM and hypertension. It has been recently shown that non-absorbing macromolecules can have a marked impact on mediating the aggregation efficiency of RBCs to endothelial cells in patients with type 2 diabetes mellitus (T2DM) (Pretini et al., 2019). Liu and Yang demonstrated that the dynamic interaction of RBCs and endothelial cells involves the status of glycocalyx, which could increase adhesiveness of RBCs to endothelial cells when a defect occurs (Liu and Yang, 2009). However, this has not been proven in vivo. It was our hypothesis that there might be an interaction between RBCs and immune cells, thus we focused the effect of integrin α4β1 on RBCs on immune cell aggregation in experimental hemolysis and found that level of integrin α4β1 on RBCs was significantly increased in hemolysis induced by LPS. Moreover, the cyclic peptide inhibitor of integrin α4β1 significantly blocked the cell-cell aggregation in RBCs/mo-DCs/HLMVEC co-cultures. The α4β1 integrin is mainly involved in the phases of leukocytes tethering and attaching on activated endothelial cells through adhesion molecules such as VCAM-1 (Harjunpää et al., 2019). Although numerous studies have reported the pathogenic role of α4β1 integrin in major inflammatory disorders (Baiula et al., 2019), very few studies have addressed the function of α4β1 integrin on RBCs. The present study revealed that α4β1 is key molecule on RBCs in LPS-induced hemolysis via triggering diverse immune response. On the other hand, VCAM-1 on RBCs exposed to LPS might also be a factor that could enhance the cell-cell interaction between RBCs and mo-DCs since mo-DCs expressed more integrin α4β1 when differentiated from monocytes.
Dynamical analysis of components of hemolysis allows us to observe the effect of RBCs on immune cells. In L-sup, the levels of cytokines TNF-α, IL-1β, IL-6, IL-8, and IFN-γ, and chemokines CXCL12, CCL5, CCL7, and CCL4 were significantly increased compared to C-sup groups. These cytokines are assumed to promote immune cell aggregation and mo-DCs migration, which might explain why the RBCs in hemolysis affect the diversity of immune response to inflammatory conditions. Under the inflammation crisis, particularly in bacterial or severe viral infection-induced hemolysis, RBCs might release excessive inflammatory mediators called a “cytokine storm” causing severe tissue damage for organ dysfunction and failure. Thus, it is crucial to monitor the level of cytokines in blood and then propose an immunomodulatory therapy to improve the outcome. It is noteworthy that an exaggerated immune response occurring in the lower respiratory tract in response to infection by coronaviruses including 2019-nCov appears to contribute to the overwhelming lung damage likely due to a cytokine storm (Girija et al., 2020). Individuals with COVID-19 have been reported to have high levels of major inflammatory cytokines such as IL-6, IL-1β, and TNF-α in the circulation (Yang et al., 2020a; Yang et al., 2020b), which was associated with the magnitude of disease severity (Wu et al., 2020). Notably, IL-6 is predominantly produced by lung epithelial cells after respiratory virus infection including SARS-CoV and MERS-CoV. In addition, it has become clear that abrupt release of IL-1β and TNF-α also contributes significantly to the severity of COVID-19 pathogenesis. In view of the current rapid global spread of SARS-CoV-2 infection and the novel coronavirus disease COVID-19 that may present with pneumonia and severe respiratory distress syndrome (ARDS), this study might be coincidentally of potential value in understanding the pathophysiology of severe COVID-19. Indeed, it has been reported that during COVID-19 infection some patients could develop autoimmune hemolytic anemia occurring within a timeframe compatible with that of the cytokine storm (Lazarian et al., 2020).
With regard to cytokine production in hemolysis, we further investigated the effect of RBCs on innate immune response. We found that the cytokines produced in culture could activate naïve CD4 T cells leading to the innate immune response. From the functional analysis of dendritic cell–T cell interaction in sarcoidosis, Kulakova et al. found that there was a markedly impaired autologous mixed lymphocyte reaction in sarcoidosis patients (Kulakova et al., 2010). DCs in a dry eye model were found sufficiently activated that stimulated the T cells involving in the onset and progression of dry eye diseases (DED) (Maruoka et al., 2018). We demonstrated that RBCs in hemolysis accompanied with cytokines release affected the function of mo-DCs to activate and promote naïve CD4 T proliferation. Dendritic cells represent the bridge between innate and adaptive immune responses. Of interest, naïve CD4 T cells were able to differentiate into T cell subsets in the RBCS/mo-DCs co-culture in response to LPS-induced hemolysis. In a preliminary experiment attempting to explore NF-κB signaling activation, we tried to test NF-κB expression in the primary T cells directly by western blot analysis using anti NF-κB antibody but unfortunately did not obtain any discernible results (data not shown). However, using the NF-κB reporter kit to measure the activity of NF-κB pathway in the CD4 naïve T cells, we found that mo-DCs in the presence of the LPS-pretreated RBCs significantly induced NF-κB activation compared to RBCs or mo-DCs alone group indicating that NF-κB signaling might play an important role in the T cell activation or differentiation.
Hemolysis can occur in a variety of pathological or disease conditions such as autoimmune hemolytic anemia, sickle cell anemia, thalassemia, glucose-6-phosphate dehydrogenase deficiency, exposure to certain chemicals, medicine, and toxins, blood clots, transfusion, and infection (Francis et al., 2013). Integrin α4β1/VCAM-1 interaction in hemolysis could evoke the immune response leading to corresponding cell dysfunction as shown in the present data and reported by others (Weingart et al., 2019; Dickmann and Bauer, 2020; Imataki et al., 2020; Yang et al., 2020). Therefore, exploration of innovative approaches to the therapy of immune disorders caused by hemolysis is highly demanded. Targeting α4β1 integrin could be a potential effective approach for treatment of infectious hemolysis since α4β1 mediates RBCs adhesion to immune cells. Komorava et al. reported that the tripeptide LDV (Leu-Asp-Val), recognized as the binding sequence found in the alternatively spliced connecting segment (CS1) region of fibronectin, is homologous and quite isosteric to the fragment IDS (Ile-Asp-Ser) present in the binding site of VCAM-1 to α4β1 (Mould et al., 1991). We recently report a modified tripeptide LDV that is bioactive small-molecule ligand to α4β1 integrin. This peptide was able to block the CD4 T cell self-aggregation induced by inflammatory stimuli in blood. Based on our observation that the cytokines/chemokines released from RBCs in hemolysis led to activation of the immune cells, we formulated a peptide-drug conjugate strategy using the cyclic peptide inhibitor of α4β1 conjugated Methrol as a potential new therapeutic modality for immune disorders, in particular infectious hemolysis. Our data shows that α4β1/Methrol molecule significantly blocked the RBCs mediated cell-cell aggregation such as RBCs/mo-DCs, RBCs/HLMVEC, and RBCs/mo-DCs/HLMVEC. Moreover, this molecule reduced mo-DCs migration remarkably. In addition, it inhibited the NF-κB activation in NF-κB transfected CD4 naïve T cells. Meyer and others reported that pulsed high-dose dexamethasone was effective in the management of chronic autoimmune hemolytic anemia of warm type (Meyer et al., 1997). Özsoylu reported that the megadose methylprednisolone for the treatment of patients with Evans syndrome (Özsoylu, 2004). However, the high dose glucocorticoids could produce GC-associated side effects.
In conclusion, the bacterial LPS induced hemolysis is an important initial step for RBC-mediated immune response at the early phase of inflammatory responses. As pictorially modeled in Figure 6, upon overexpression of α4β1 integrin, RBCs mediate the aggregation to mo-DCs, HLMVEC and T cells and release inflammatory cytokines/chemokines, ultimately leading to mo-DCs migration, naïve CD4 T cell proliferation, and activation of NF-κB signaling.
[image: Figure 6]FIGURE 6 | Schematic diagram of the α4β1/Methrol reversing dendritic cell dysfunction in LPS-induced hemolysis. LPS-induced hemolysis resulted in an increase of integrin α4β1 expression on RBCs that subsequently mediated cell-cell aggregation, released cytokines/chemokines and evoked immune cell responses. LPS increased integrin α4β1 expression to facilitate cell-cell interaction of RBCs/mo-DCs, RBCs/HLMVEC, and RBCs/mo-DCs/HLMVEC. Cell aggregation of RBCs and mo-DCs further enhanced cytokines release and activation of NF-kB pathway in immune T cells. Chemokines/cytokines induced mo-DCs migration to HLMVEC. α4β1/VCAM-1 is an interconnective molecule for RBCs, mo-DCs, and HLMVEC aggregation at inflamed site. α4β1/Methrol blocked cell aggregation, decreases cell migration, protected the RBCs from hemolysis caused by LPS, as well as upregulated GILZ expression culminating in reversing the dysfunction of the immune cells, in particular dendritic cells.
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Hypertrophic scar (HS) and keloid are fibroproliferative disorders (FPDs) of the skin due to aberrant wound healing, which cause disfigured appearance, discomfort, dysfunction, psychological stress, and patient frustration. The unclear pathogenesis behind HS and keloid is partially responsible for the clinical treatment stagnancy. However, there are now increasing evidences suggesting that inflammation is the initiator of HS and keloid formation. Interleukins are known to participate in inflammatory and immune responses, and play a critical role in wound healing and scar formation. In this review, we summarize the function of related interleukins, and focus on their potentials as the therapeutic target for the treatment of HS and keloid.
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INTRODUCTION
Hypertrophic scar (HS) and keloid are a kind of FDPs, which mainly manifested by fibroblast proliferation and excessive deposition of extracellular matrix (ECM) (Jiang and Rinkevich, 2020). HS is mostly caused by surgery and severe burns, while keloid may result from minor skin damage, such as ear holes, vaccination, acne, etc (Lee and Jang, 2018). Chronic infections and repeated injuries may enhance scar formation and tissue fibrosis (Vinaik et al., 2020). In morphology, they both exhibit hyperplasia, bulge and redness, but unrestrained growth is a specific feature in keloid, which usually invades beyond the margins of the original wound. A majority of patients have to suffer obvious itchiness and pain for a long time (S. S. Lee et al., 2004). Sometimes it not only affects esthetics but also produces dysfunction. At present, there is still lack of efficient curative treatments. Conventional surgery, radiotherapy and hormonal therapy are difficult to achieve complete cure, especially in keloid due to high recurrence rates ( Arno et al., 2014).
Although studies on scars are numerous, the specific pathogenesis mechanism remains unclear in HS and keloid. However, accumulating evidences exist on close link among the inflammation, immune, and pathological scar (Xue et al., 2000; G. Zhu et al., 2007). In the past, keloid and HS were divided into distinct diseases because of the differences in clinical manifestations and pathology (Arno et al., 2014). However, recently, some studies indicate that the difference between them iwas only result of the different duration and intensity of inflammation. Keloid could be defined as pathological scar with severe inflammation, and HS defined as scar with weakly inflammation (Berman et al., 2017). Thus, inflammation as an initial factor will trigger the subsequent immune response cascade, which leads to scar formation. After cutaneous injury, inflammation responses first occur at the site of injury. During the early phase, neutrophil infiltration is the main feature, and the late stage is characterized by monocytes composed of macrophages and lymphocytes (Shimizu et al., 2006). These cells secrete a large number of inflammatory factors such as interleukins, interferons and growth factors, among which interleukins play a prominent role in the initiation of inflammation and subsequent proliferation and remodeling (Abdou et al., 2014). Interleukins act as a major inflammatory factor, potentially regulating fibroblasts recruitment, proliferaton, differentiation, apoptosis and production of ECM. We have observed that the expression of interleukins in scar is different from that of in normal skin (NS). By regulating of interleukin and its related pathways, the phenotype of fibroblasts enhanced or weakened, which suggested that interleukin may serve a significant role in scar. Taken together, we summarize the specific types and changes of interleukins in HS and keloid, and generalize the possible role of regulating the expression and/or secretion of a certain interleukin for abnormal scar prevention.
IL-6
Interleukin-6 (IL-6) is a proinflammatory factor and a potent immunomodulatory agent (Quong et al., 2017). IL-6 played an important role in chemotaxis and inflammatory cell activation, which was expressed immediately after cutaneous injury and substained over a period of time (Murao et al., 2014). IL-6 could trigger the transition from acute inflammation to chronic inflammation by enhancing monocyte recruitment (Kaplanski et al., 2003). A number of studies had shown that the single nucleotide polymorphism of IL-6 gene affected serum levels. IL-6-572 GG genotype was associated with increasing the risk of keloid in Egyptian (Abdu Allah et al., 2019), Southeastern Chinese (X. J. Zhu et al., 2017) and Japanese (Tosa et al., 2016). Both IL-6 and IL-8 decreased significantly in early fetal fibroblasts (Namazi et al., 2011), which may help to produce scarless healing. IL-6 secretion was higher in HS and keloid, and the mRNA and protein levels of IL-6R α and IL-6R β (gp130) and its downstream targets LAK1, STAT3, RAF1 and ELK1 were up regulated (Ghazizadeh et al., 2007).
Direct Effect of Targeting IL-6
IL-6 may be an effective target in treating HS and keloid. When IL-6 peptide was added into human normal fibroblasts (NFs), the expression and synthesis of collagen were revealed a dose-dependent increase (Ghazizadeh et al., 2007). If monoclonal anti-IL-6 or anti-IL6Ra antibody were added, the progress would be prevented. Ray et al. (Ray et al., 2013) also demonstrated that IL-6 increased the production of ECM and cellular proliferation mediated by STAT3 pathway in HS. Counter regulating the overexpression of IL-6 may be a key trigger factor to inhibit the prolongation of inflammatory phase in keloid wound healing (Euler et al., 2019).
Regulation of IL-6 Expression and/or Secretion
In addition, modulating the IL-6 signaling pathway may also affect the wound healing and scar formation (Figure 1). Currently, several treatments for HS and keloid are known to regulating the expression and/or secretion of IL-6 (Table 1). We here summarized these treatments as follows.
[image: Figure 1]FIGURE 1 | Modulating interleukins or their related signal molecules in scar formation.
TABLE 1 | Treatments regulating IL-6 in HS and keloid.
[image: Table 1]Synthetic Drugs
Initial results with angiotensin receptor blocker (ARB) and angiotensin converting enzyme inhibitor (ACEI) in the treatment of keloid and HS were encouraging (Kilmister et al., 2019). Renin angiotensin aldosterone system (RAS) components which are expressed in various cells of skin and act independently of plasma RAS, play an important role in wound healing and scar formation. By acting on AT1 receptor (Mulrow. 1999), angiotensin II promoted fibrosis, induced migration and proliferation of keratinocytes and fibroblasts, and increased collagen production through IL-6/TGF-β and AP-1/TGF-β pathways (Hedayatyanfard et al., 2020). The activation of AT2 receptor inhibited the above-mentioned process by blocking the expression of IL-6, TNF-α and TGF-β, and played an anti-inflammatory role (Hedayatyanfard et al., 2020). Triamcinolone acetonide (TA) has been routinely used as a treatment for keloid. It was a corticosteroid hormone that could reduce the expression of IL-6 and vascular endothelial growth factor (VEGF) (Johnson et al., 2020). Botulinum toxin A (BTA) is effective on keloid and HS (R. Hao et al., 2018). In the keloid model of athymus mice, BTA reduced inflammatory infiltration and collagen tissue, comparing with the gold standard triamcinolone acetonide, and the former showed less side effects (Fanous et al., 2019). Chen (L. Chen et al., 2019) showed that BTA could reduce the proliferation and migration of fibroblasts through JNK pathway activation, and inhibit the protein expression levels of TGF-β, IL-6 and connective tissue growth factor (CTGF). In contrast, in a culture with dermal fibroblasts and microvascular endothelial cells, the above phenomenon was not observed (Haubner et al., 2012). Verapamil is also a controversial drug for scars. It was a calcium channel blocker (W. Wang et al., 2016), which could inhibit the growth of central keloid fibroblasts (KFs) , induce apoptosis, reduce the production of IL-6 and VEGF and the synthesis of ECM (Giugliano et al., 2003; Foubert et al., 2017). This treatment was considered safe (Verhiel et al., 2015), but there was still no consensus on the therapeutic value (Danielsen et al., 2016; Abedini et al., 2018). Due to some methodological defects, it needs larger samples and better models to verify. Pirfenidone, as an FDA approved antifibrotic drug, regulated wound inflammation by reducing the expression of inflammatory factors such as IL-6, IL-2 and neutrophil infiltration in deep burn model of mice, which reduced the formation of scar (Medina et al., 2019).
Natural Extraction Medicine
In addition to conventional drugs, some ingredients from natural plants also play a role in the treatment of HS and keloid. Sulforaphane, an isothiocyanate extracted from cruciferous vegetables (such as broccoli sprouts), down-regulated the expression of IL-6 in KFs by inhibiting NF-κB, and also inhibited STAT3 and smad3 signal transduction pathways (Kawarazaki et al., 2017). Paclitaxel (PTX) was an effective chemotherapeutic drug, which has been reported to have anti-fibrosis effect (C. Wang et al., 2013). Its modified form (PTXL) could inhibit the growth and invasion of keloid, and showed better effect. At the same time, PTXL also reduced the production of fibrosis cytokines including TNF-α, IL-6 and TGF-β by inhibiting Akt/GSK3β signaling pathway, thus preventing the fibrosis process of keloid (M. Wang M. et al., 2019). Emodin was the main component of rhubarb, which had the same inhibitory effect, but mainly targeted PI3K/Akt pathway (C. Liu, 2015). Curcumin was a yellow organic compound purified from the rhizome of curcuma longa, which had good anti-inflammatory properties (Menon and sudheer, 2007). It inhibited the proliferation, contraction and ECM production in primary KFs (Phan et al., 2003). Fourthmore, it suppressed the formation of HS by reducing the secretion of IL-1, IL-6 and IL-8 (Jia et al., 2014), which the same as naringin (Shan et al., 2017). IL-6 level was also influenced by other natural extracts such as Ginseng (Pazyar et al., 2012), Ginsenoside Rg3 (Ma et al., 2020), Gambogenic acid (GNA) (Jun et al., 2021) and Lapadan (Matsui et al., 2011), which reduced the rates of hypertrophic scar formation.
Stem Cells
Stem cells also have important implications by secreting a large number of nutritional factors and anti-fibrosis factors for fibrosis diseases. Studies have shown that umbilical cord mesenchymal stem cells (UCMSCs) (Fong et al., 2014), adipose stem cells (ASCs) (J. Liu et al., 2018), bone marrow stem cells (BMSCs) (Fang et al., 2016), fetal dermal stem cells (FDSCs) (Jiao et al., 2017) and their corresponding conditioned media (CM) have a good inhibitory effect on scar fibroblasts.
After 5 days of co culture of ASCs with hypertrophic scar fibrolasts (HSFs), fibrosis factors such as IL-6, IL-8, FN, and TGF-β1 were significantly decreased, while the protective factors decorin (DCN) and the ratio of matrix metalloprotinase-1 (MMP-1)/tissue inhibitor of metalloproteinase-1 (TIMP-1) were significantly increased (Deng et al., 2018). Moreover, ASCs reversed the occurrence of fibrosis and inflammation induced by TGF-β (Deng et al., 2018). ASC-derived CM inhibited the secretion of IL-6, IL-8, α-SMA and proliferation and migration of KFs (J. Liu et al., 2018). In the red Duroc (RD) pig porcine model, delivery of autologous adipose derived regenerated cells (ADRC) immediately resulted in an up-regulation of IL-6 at 2 weeks after injury (wound healing stage) and down-regulation at 2 months after treatment (early scar formation stage) (Foubert et al., 2017). The early inflammatory reaction was beneficial to the wound healing, and the later inflammatory reaction was inhibited which reduced the probability of HS formation. It showed better wound healing, less pigmentation and stiffness, more normal collagen tissue and lower vascular density (Foubert et al., 2017). A similar view was also confirmed in UCMSCs (Bonnardeaux and McCuaig, 2020). However, reports on UCMSCs are not consistent. Another study found that the supernatant from UCMSCs promoted fibrosis phenotype as a whole, and increased the production of inflammatory factors such as IL-6, IL-8 and TGF-β (Arno et al., 2014a). The inconsistency may be due to the varied sources of UCMSCs. Stem cells from different locations have different secretory groups, resulting in differential expression.
Hyperbaric Oxygen
High fibroblasts proliferation in keloids led to hypoxia condition (Jusman et al., 2019), which induced HIF-1α production (Z. Zhang et al., 2014). HIF-1α expression in fibroblasts stimulated TLR/MyD88/NF-κB signaling pathway and promoted the expression of some inflammatory factors such as IL-6 (Y. Hao et al., 2020). According to the mechanism of hypoxia-induced inflammation, several clinical experiments confirmed that adjuvant hyperbaric oxygen treatment (HBOT) reduced the inflammatory reaction and recurrence rate by regulating the oxygen level. In Song’s study (Song et al., 2018), 240 patients with keloid were recruited and randomly divided into two groups, Group O receiving HBOT after surgical resection and radiotherapy and Group K as control. After HBOT, both the infiltration of inflammatory cells and the expression of inflammatory factors such as IL-6, HIF-1 α, TNF-α, NF-κ B and VEGF obviously decreased. However, in another experiment (Y. Hao et al., 2020), no significant difference was observed in the expression of IL-6, IL-8, or IL-10. In this experiment, there were only 10 cases in each group, and HBOT was used before operation. Different treatment combinations may have different effects on the secretion of cytokines.
Other Methods
The production of IFN-γ in the serum of normal patients was higher than keloid persons (Mccauley et al., 1992), which may cause keloid formation by increasing IL-6 secretion. IFN-γ regulated the secretion of IL-6 (Xue et al., 2000) by means of stimulating MHCII and CD40 expression (Yellin et al., 1995) and associate with JAK/STAT pathway (Euler et al., 2019). The combined use of IFN-γ/TA is better than any single use (Mccauley et al., 1992). TSG-6 exhibited anti-inflammatory activity (R. H. Lee et al., 2009). When TSG-6 was intradermally injection into ear wounds, it resulted in lower secretion levels of IL-1 β, IL-6 and TNF–α (H. Wang et al., 2015). Moreover, the expression of TSG-6 protein in keloid was decreased (Tan et al., 2011). It is likely that exogenous TSG-6 may significantly diminish the development of keloid. Injection of Stromal vascular fraction (SVF)-gel or SVF cells reduced the macrophages infiltration in dermal layer, and decreased mRNA expression of IL-6 and MCP-1, so that the level of myofibroblasts and collagen deposition were reduced (J. Wang et al., 2019). SVF gel also restored subcutaneous adipose tissue and made HS appear soft and unobvious (J. Wang J. et al., 2019). Silver containing hydraulic fiber (HFAg) and polylactic acid membrane (PLM) are two different burn dressings. Compared with the HFAg, IL-6 and TNF-α levels decreased in early days in both serum and tissue samples to reach normal ranges by PLM, which would prevent the development of HS (Demircan et al., 2021). Reports on UVA are contriversial for keloid. In general, UVA had a good effect on KFs, but it activated p38/NF-κB pathway, which increased the release of IL-6 and IL-8 and the overall inflammatory response (Niu et al., 2020). Therefore, the simple cellular phenotype can not fully explain the controversy, and in vivo experiments are needed to verify the effect of UVA.
IL-10
The expression of IL-10 was decreased in keloid (J. H. Shi et al., 2013; Z. Chen et al., 2018) and HS (Yang et al., 2018). Intrinsic lack of IL-10 may result in continued amplification of the inflammatory cytokine cascade, continued stimulation of fibroblasts, and abnormal collagen deposition (Liechty et al., 2000). Peranteau et al. (Peranteau et al., 2008) showed that overexpression of IL-10 decreased inflammation and created an environment for wound sites in the adult to more closely resemble the profile seen in the embryo. IL-10 inhibited the secretion of IL-6 and IL-8, which induced inflammatory cascade reaction, promoted fibroblasts proliferation and collagen synthesis (Mccauley et al., 1992; Liechty et al., 2000M. Zhang et al., 2016). According to these results, the use of recombinant human (RH) IL-10 may be a potential treatment for keloid. And better results may be achieved through some new assembly methods and means.
Direct Effect of Targeting IL-10
IL-10 itself could directly inhibit the growth of KFs, but it had no effect on normal scar fibroblasts (NSFs), which was the same as Ji's report (J. Shi et al., 2014), but this was slightly different from that reported by Moroguchi (Moroguchi et al., 2004), who observed that IL-10 inhibited the proliferation of fibroblasts induced by TNF-α (Shi et al., 2019). This may be caused by different cell lines and concentrations of IL-10. Shi et al. (J. H. Shi et al., 2013) found that the injection of IL-10 improved the morphology of scar, inhibited the contracture of wound, narrowed the edge of wound, and relieved the deposition of collagen (col1 and col3) in regenerated tissue. Lentivirus-mediated overexpression of IL-10 reduced the inflammatory response to injury after 3°days, showing a favorable environment for wound healing (Peranteau et al., 2008). On the contrary, if the IL-10 gene was knocked out, the injury sites would present an increased inflammatory response and excessive collagen deposition (da Silva et al., 2017). IL-10 RB, a function-blocking antibody against the IL-10 receptor, blocked the IL-10-mediated mitigation of fibrosis in HSFs (J. Shi et al., 2014). And it has also been verified in clinical human experiments. The experiment of Kieran et al. (Kieran et al., 2013) well illustrated that the appearance and histology of scar treated with exogenous RH IL-10 were improved. Denervated wounds could lead to abnormal wound healing and caused hypertrophic scars. In addition, when IL-10 was added to the injury model of CD1 mice, the patterns of reinnervation and revascularization were improved and the collagen tissue of the dermis was closer to the normal skin healing than the control (Henderson et al., 2011).
Regulation of IL-10 Related Pathways
After treatment with IL-10, the expression of col1 and col3 in KFs was significantly reduced, and the levels of TGF-β, smad2/3 and Smad4 were down-regulated, while the level of smad7 was up-regulated, suggesting that IL-10 inhibited the formation of keloid by inhibiting the classic TGF-β/Smad signal pathway of fibrosis (Shi et al., 2019). Lipopolysaccharide (LPS) could induce NFs into HFs and participate in the formation of HS by TLR4/NF-κB pathway (J. Shi et al., 2021), and promote the production of inflammatory molecules (J. Wang et al., 2011). The addition of IL-10 inhibited the inflammation and fibroblast filled collagen lattice (FPCL) contracture induced by LPS, which was associated with regulating the IL-10R/STAT3 axis of TLR4/NF-κ B pathway in skin fibroblasts (J. Shi et al., 2021). In the rabbit ear hypertrophic scar model, BMSCs modified with IL-10 inhibited the expression of TNF-α, IL-6 and IL-1 β mRNA through JNK/NF-κ B pathway, which significantly reduced the wound healing time, scar area and height (Xie et al., 2020). IL-10 protected HSFs from fibrosis by activating Akt and STAT3 signal transduction pathways to reduce collagen production (J. Shi et al., 2014). Moreover, skin autophagic capability is associated with HS. IL-10 also inhibited starvation-induced autophagy, which was mediated by the cross talk IL10-IL10R-STAT3 and IL10-AKT-mTOR pathways (J. Shi et al., 2016) (Figure 1).
A New Method of Targeting IL-10
In order to improve the function of IL-10 and reduce the side effects, new methods have been developed which enhance the function of IL-10 through some corresponding combination and packaging means. Park et al. (Park et al., 2019) developed a new delivery platform coacervates (COA), which had features of high biocompatibility, easy preparation and better protection of growth factors including TGF- β3 and IL-10 (Lichtman et al., 2016). Both TGF-β3 and IL-10 had anti-fibrosis effect in physiological wound healing process. Shi et al. (J. Shi et al., 2015) designed a novel hybrid protein RHIL10-RGD, which was fused and expressed in E. coli BL21 (DE3). Treatment of HSFs with RH IL10 RGD was similar to that of RH IL10 in anti-fibrosis, but the former could specifically reduce angiogenesis. In addition, the Orf viru encoded vascular endothelial growth factor (VEGF)-E and interleukin-10 (ovil-10), which synergistically enhanced skin repair, and acted in a complimentary fashion to improve scar quality (Wise et al., 2020).
IL-1
IL-1, also known as lymphocyte stimulating factor, has two forms: IL-1α and IL-1β (Gabay et al., 2010), which are mainly produced by monocyte macrophages. IL-1 played an important role in the early stage of scar formation (Jfri et al., 2019). Although impaired production of keratinocyte-derived growth factors, such as IL-1α, lead to a decrease in the catabolism of the dermal (Niessen et al., 2001), the role in scar formation of IL-1α remains controversial. However, IL-1β occupied a more important position in keloid (Vinaik et al., 2020; Le et al., 2021) and HS (Krotzsch-Gomez, 1998). IL-1 β was overexpressed in HS at post transcriptional level, and it participated in ECM remodeling with TNF-α to maintain fibrosis phenotype (Salgado et al., 2012). The level of IL-1β predicted the formation of HS (Kwan et al., 2016).
Exogenous IL-1 β Promotes Scar Formation
IL-1 β enhanced the signal of fibrosis in the late stage of wound healing, such as increased the expression of MCP-1, while MCP-1 and IL-6 synergistically promoted inflammation (Kawarazaki et al., 2017). The addition of IL-1β to NFs and HSFs could lead to oxidative stress and regulate cell apoptosis, such as the increased of heat shock transcription factor-1,IL-6 and HSP-70 and the decreased of NF-κB, GADD45-α, p53 and p53 binding proteins. The oxidative stress and heat stress proteins induced by IL-1 β are important mediators of abnormal scar formation after severe burns (Barrow and Dasu, 2005) IL-1β also decreased the endogenous Prostaglandin E2(PEG2)secretion in KFs, which inhibited cell migration and contraction, and down regulated collagen synthesis (Sandulache et al., 2007). These factors may jointly promote scar formation.
Blocking IL-1 β Inhibits Scar Formation
The expression and activity of chymase in keloid tissue were increased, which promoted the formation of keloid through IL-1β, col1 and TGF-β1 (R. Wang R. et al., 2015). Blocking chymase pathway may be an effective method to improve keloid. Inflammatory body is the main regulator of inflammation and metabolic response. The activation of NLRP3 facilitated cleaved caspase-1 processing and promoting the release of IL-1β and IL-18, and increased the inflammatory response in keloid (Vinaik et al., 2020). Moreover, the use of NLRP3 inhibitor MCC950 reduced the expression of IL-1β (Ogawa, 2017; Perera et al., 2018), and inhibiting the activation of IL-1 β in inflammatory body may be a method to inhibit keloid. The expression level of IL- 1 β in epidermis was directly related to the degree of skin fibrosis. In the rabbit ear hypertrophic scar model, Corrie l et al. (Gallant-Behm and Mustoe, 2010) confirmed that occlusion with silicone gel increased the hydration state of epidermis in a dose-dependent manner, and inhibited fibrosis and alleviated HS (Sandulache et al., 2007) by significantly reducing the epidermal expression of profibrotic cytokine IL-1β. Tranilast inhibited fibroblasts proliferation through lower the production of IL-1β by macrophages and other inflammatory cells, thus lessen keloid (Suzawa et al., 1992). Beyond that,Collagen-polyvinylpyrrolidone also changed the inflammatory process of HS by reducing the expression of proinflammatory cytokines IL-1 β and TNF-α (Krotzsch-Gomez, 1998).
Interleukin-1 receptor antagonist (IL-1RA) is a member of the IL-1 gene family, which binds to IL-1R and specific blocks the activity of IL-1 (Gabay et al., 2010). In the New Zealand rabbit model, administration of IL-1RA effectively reduced skin fibrosis, and the expression of downstream signal C-FOS was blocked (Gallant-Behm et al., 2011). In addition, the expression of IL-1RA was increased in the treatment of keloid by HBOT in the clinical experiment of Hao (Y. Hao et al., 2020), which reduced the level of inflammation and played a better curative effect. Therefore, suppressing the expression of IL-1 β attenuates scar formation.
OTHER INTERLEUKINS
IL-4/IL-13
There was evidence that the expression of interleukin-4 (IL-4) (Tredget et al., 2006; Yang et al., 2018), interleukin-13 (IL-13) (Li et al., 2015) and their receptors (Diaz et al., 2020) were increased in pathological scars. IL-13 and IL-4 up-regulated the expression of collagen related genes, inhibited the degradation of collagen induced by MMP-1 and MMP-3, and promoted collagen deposition (Oriente et al., 2000). Compared with wild-type mice, the scarring formation in T-cell-deficient mice was reduced by nearly nine fold, which may be closely related to the decreased expression of T-cell-dependent Th2 cytokines (IL-4 and IL-13) and chemokines (MCP-1) (Wong et al., 2011).
Maeda et al. demonstrated that IL-4 and IL-13 induced the expression and secretion of periostin, which in turn to induce RhoA/ROCK pathway to mediate the TGF-β1 expression (Maeda et al., 2019). TGF-β1was recognized as one of the important factors in keloid formation (Berman et al., 2017), which in turn acted as periostin, forming a positive feedback loop (Maeda et al., 2019). Dupilumab is a completely humanized monoclonal antibody against IL-4Rα. Unexpectedly, it had inhibitory effect on keloid associated with atopic dermatitis. Based on this, the same results were obtained in the treatment of three cases of chronic keloid without atopic dermatitis (Diaz et al., 2020).
IL-17
Interleukin-17 (IL-17) is an inflammatory factor produced by CD4+T cells (Chang, 2019), which can promote the activation of T cells and stimulate the production of IL-6, IL-8, and so on, leading the inflammation. IL-17 is considered as a marker of Th17 cell subsets (Miossec and Kolls, 2012). The infiltration of Th17 cells in keloid was increased (Le et al., 2021), and IL-17 was up-regulated in keloid and HS (J. Zhang et al., 2018). IL-17 promoted the expression of α-SMA and Col1. Compared with normal skin dervied precursor cells, keloid derived precursor cells (KPCS) expressed higher IL-17R. When altered keloid niche (mainly inflammation), which was mediated by IL-6/IL-17 axis through autocrine or paracrine, and showed uncontrolled self-renewal and increased proliferation (Q. Zhang et al., 2009). Besides, IL-17 promoted the expression of stromal cell-derived factor 1 (SDF-1) and increased the recruitment of Th17 cells from the circulatory system. This positive feedback loop may lead to excessive infiltration of T cells and chronic inflammation of keloid. Sta-21 reduced the expression of SDF-1 in KFs by inhibiting STAT3 pathway and break the feedback loop (Le et al., 2021). Moreover, IL-17 stimulated mice showed increased fibrosis, which induced macrophage specific subtype infiltration through MCP-dependent mechanism, resulting in delayed wound healing and increased inflammation (J. Zhang et al., 2018).
IL-18
Interleukin-18 (IL-18) is a member of the IL-1 family (Yasuda et al., 2019). It has the opposite effect to scar formation in keloid and HS. IL-18 in HS tissue and fibroblasts decreased. When the RH IL-18 was injected into the HS model of rabbit ears, and the scar was improved. It was proved that IL-18 inhibited the proliferation and promoted the apoptosis of HSFs by enhancing the expression of FasL (Le et al., 2021). However, not only the expression of IL-18 in keloid tissue, but also the receptors of IL-18R α and IL-18R β was increased (Felipo et al., 2012; M. Zhang et al., 2016; Vinaik et al., 2020). When KFs were exposed to IL-18, the synthesis of collagen and ECM components were increased, and the secretion of fibrinolytic cytokines (such as IL-6 and IL-8) was up-regulated (Do et al., 2012). Moreover, when keratinocytes and keloid fibroblasts (KK/KF) were cocultured, IL-18/IL-18BP was seriously unbalanced, which promoted the formation of keloid (Do et al., 2012). It suggests that IL-18 system plays an important role in the pathogenesis of keloid through epithelial mesenchymal interaction.
IL-37
Interleukin-37 (IL-37) is a relatively new member of the IL-1 family and has been described as an anti-inflammatory mediator in various inflammatory diseases (Cavalli and Dinarello, 2018). In a cross-sectional study, it was found that the level of IL-37 was negatively correlated with the severity of keloid, but had no significant correlation with age, gender, duration of lesions or family history, indicating that the decrease of plasma IL-37 level could be used as an indicator of keloid severity (Khattab and Samir, 2020). Zhao et al. (Zhao et al., 2020) confirmed the above viewpoint, and observed IL-36 expression in keloid was also decreased. Therefore, the recombinant IL-36 and IL-37 have potential as a novel therapeutic approach in pathological scar, which is warranted in the future.
IL-22
Interleukin-22 (IL-22) is a member of the IL-10 family (Dudakov et al., 2015). In fibroblasts, IL-22 signal was activated and then guided the expression of extracellular matrix genes and differentiation of myofibroblasts. Significantly increased expression of TGF-β, IL-22 and Arg-1 in keloid was found as compared to normal scar tissue (da Cunha Colombo Tiveron et al., 2018).
IL-24
Interleukin-24 (IL-24) is also a member of the IL-10 family. The mRNA level of IL-24 in KFs was significantly lower than that in normal skin. The formation of keloid may be correlated with the down-regulation of IL-24. Adenovirus-mediated IL-24 selectively inhibited the proliferation and induce apoptosis of KFs, suggesting that IL-24 has great potential in therapy of keloid (Liang et al., 2011).
SUMMARY
HS and keloid are both clinical challenge to be solved. The mechanism behind them has not been completely elucidated. Accumulating studies have demonstrated that HS and keloid are associated with inflammation, and thus suppression of inflammation may inhibit scar formation. Accordingly, we summarized the interleukin expression in scar and explored the influences of drugs and methods targeting interleukins.
In HS and keloid, there is a relatively large number of studies on IL-6, IL-10 and IL-1β. As proinflammatory factors, IL-6 and IL-1β play an important role in promoting scar formation. IL-1β have been shown to stimulate IL-6 production (Ghazizadeh et al., 2007), and they acted additively or synergistically to promote scar formation. IL-6 and IL-17 formed a positive feedback regulation (Q. Zhang et al., 2009), together with classic fibrosis factor TGF-β in the propagation of fibrosis. On the contrary, as an anti-inflammation factor, IL-10 protected the wound healing and made it tend to scarless healing (Seifert and Mrowietz, 2009). At the same time, IL-10 inhibited the pro-inflammatory effect of IL-6 and IL-8 (Liechty et al., 2000) and produced antagonistic effect. Therefore, these interleukin molecules are not isolated, they crosstalk with each other to form a network regulation. During the normal wound healing and scar formation, these inflammation factors exist in equilibrium. Once the balance is broken caused by some stimulating factors, such as infection or trauma, pathological scar is generated. Currently, mote researches demonstrate the upstream or downstream signal molecules of interleukin family as indirect regulators, however it may be more intuitive that directly target certain interleukins. And this regulation has a certain intervention effect on multiple interleukin molecules (Figure 2).
[image: Figure 2]FIGURE 2 | The relationship of interleukins and their functions in scar formation.
Although some phenotypic and pathway effects have been observed, the crosstalk between interleukins is not fully understood. Some molecules may have two sides and differ strongly functions in varied pathways, which results in potentially contradictory outcomes. For example, in the treatment of keloid with HBOT, song (Song et al., 2018) observed that it could reduce the formation of scar by reducing inflammatory factors such as IL-6 and IL-8, while another experiment (Y. Hao et al., 2020) did not observe the same changes, but the alterations in expression of IL-12p40 and IL-RA were observed. Also, the conditioned medium from UCMCs displayed opposite effects on scar fibroblasts (Arno et al., 2014a;Bonnardeaux and McCuaig, 2020). UVA has a good effect in the overall treatment of keloid, but IL-6 and IL-8 were activated (Niu et al., 2020). The role of IL-18 in HS and keloid was conflicting, which inhibited the former and promoted the latter (Do et al., 2012; Le et al., 2021). These contradictions are worthy of further investigations in the future, and require a larger sample size and better models to validate.
Recently, researchers have also found other interleukins in scar, such as IL-22, which was activated in KFs, involved in EMC synthesis and myofibroblast transformation (da Cunha Colombo Tiveron et al., 2018). Additionally, the serum level of IL-37 was negatively correlated with the severity of keloid lesions, and IL-36, which had not been previously concerned in scars, was also mentioned (Zhao et al., 2020). It is suggested that other interleukins involved in the formation of scar may exist. And there is no intervention on these interleukins. Exogenous application of these molecules may be one of the future directions in the treatment of scar, but the concentration and safety should be paid attention to. In addition, with the development of other technologies such as tissue engineering, we may find better drug combinations and packaging methods, which will drive the development and innovation of interleukin-related interventions.
In a word, interleukins play a significant role in HS and keloid, and targeting some interleukins and suppressing inflammation are important strategies in the treatment of pathological scar.
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Cornus officinalis Sieb et. Zucc and Paeonia lactiflora Pall. have exhibited favorable therapeutic effects against rheumatoid arthritis (RA), but the specific mechanisms of their active compounds remain unclear. The aim of this study was to comprehensively analyze the therapeutic mechanisms of selected active compounds in Cornus officinalis (loganin, ursolic acid, and morroniside) and Paeonia lactiflora (paeoniflorin and albiflorin) via network pharmacology. The pharmacological properties of the five active compounds were evaluated and their potential target genes were identified by database screening. Gene Ontology and Kyoto Encyclopedia of Genes and Genomes functional analysis were performed to determine the enriched molecular pathways associated with the active compounds. Using network pharmacology tools, eight genes (IL1β, VEGFA, STAT3, TP53, IL6, TNF, FOS, and LGALS3) were identified as common targets between RA and the five active compounds. Molecular docking simulation revealed the compound-target relationship between the five active compounds and three selected targets from the eight common ones (LGALS3, STAT3, and VEGFA). The compound-target relationships were subsequently validated via preliminary in vivo experiments in a rat model of collagen-induced arthritis. Rats subjected to collagen-induced arthritis showed increased protein expression of LGALS3, STAT3, and VEGFA in synovial tissues. However, treatment using Cornus officinalis or/and Paeonia lactiflora, as well as their most drug-like active compounds (ursolic acid or/and paeoniflorin, respectively, identified based on pharmacological properties), attenuated the expression of these three targets, as previously predicted. Collectively, network pharmacology allowed the pharmacological and molecular roles of Cornus officinalis and Paeonia lactiflora to be systematically revealed, further establishing them as important candidate drugs in the treatment and management of RA.
Keywords: traditional chinese medicine, collagen-induced arthritis, compound-target relationship, gene ontology, KEGG, molecular docking
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease that mainly affects the joints and causes pain and stiffness. This occurs via a self-attack mechanism within the body’s immune system that targets the joints (Gierut et al., 2010; Bolon, 2012), leading to synovial inflammation, thickening of the joint capsule, and damage to surrounding bone and cartilage (Sweeney and Firestein, 2004; Sudol-Szopinska et al., 2017; Ostrowska et al., 2018). The etiology of RA is unclear, but it is believed that both genetic and environmental factors contribute to its initiation and development (Deane et al., 2017). RA treatment and management mainly aim to alleviate physical pain and inflammation via therapeutic exercise and the use of assistive devices (Kavuncu and Evcik, 2004). In some cases, disease-modifying anti-rheumatic drugs such as hydroxychloroquine and leflunomide may be applied to slow the progression of RA, but the use of these drugs may result in a variety of adverse effects (Deng et al., 2020). Surgery is another method of managing RA that aims to repair or fuse joints and may help in certain situations. The popularity of alternative and complementary medicine has grown substantially in recent years, but its effectiveness remains to be validated.
Traditional Chinese medicine (TCM) is a form of alternative and complementary medical practice that has attracted interest from medical researchers in recent decades. The most common TCM drugs and compounds are natural or herbal substances that have the advantage of lowered side effects. The main feature of TCM is its multi-target characteristic, meaning that medical compounds are composed of a variety of biologically active components that each may target different symptoms. This unique characteristic has accentuated the potential of TCM in the treatment of complex diseases such as RA, which is associated with both inflammatory and immune anomalies. Among herbal substances used in TCM, Cornus officinalis Sieb. et Zucc (or Corni Fructus) and Paeonia lactiflora Pall. are known to exhibit anti-inflammatory and immunomodulatory effects. Cornus officinalis is a dogwood species native to East Asian countries such as China, Korea, and Japan. It contains approximately 90 identified compounds including iridoids (loganin, morronisides, cornusfurosides, etc.), secoiridoids (linalool, secoxyloganin, etc.), triterpenoids (ursolic acid, oleanolic acid, and arjunglucoside II), and flavonoids (kaempferol, kaempferide, quercetin, etc.) (Dong et al., 2018). Studies have revealed that Cornus officinalis exhibited anti-inflammatory, anti-allergic, and anti-oxidant properties in the treatment of atopic dermatitis (Quah et al., 2020) and anti-neoplastic effects against hepatocellular carcinoma (Chang et al., 2004). Paeonia lactiflora is an herbaceous perennial flowering plant in the Paeoniaceae family composed of compounds including paeoniflorin, albiflorin, and oxypaeoniflorin. The isomers paeoniflorin and albiflorin have shown, in addition to their anti-inflammatory activities (Wang et al., 2014), therapeutic effectiveness against neuropathic pain (Zhou et al., 2016) and bone marrow suppression (Zhu et al., 2016). Given this, the effect of Cornus officinalis and Paeonia lactiflora on RA and the molecular mechanisms underlying the action of their constituents remain to be investigated.
Network pharmacology combines systems biology with biological network construction and analysis to assess the effectiveness and metabolic characteristics of drugs (Huang et al., 2014). It takes advantage of information networks based on high-throughput omics data analysis, virtual computing, and database retrieval (Wang et al., 2020). In particular, it has been applied in elucidating the synergistic multi-component, multi-target, and multi-pathway effect of TCM prescriptions and in clarifying drug action mechanism. Molecular docking is a technical means of discovering new drugs that applies computer-aided design to simulate the force and structure of molecules through chemometrics. It is performed by searching for low-energy binding modes between small molecules (ligands) and macromolecules with known structures (receptors) at the active site (Azam and Abbasi, 2013). The use of network pharmacology to build multi-level network models has become a strategy to scientifically evaluate the effectiveness of TCM.
For this study, a comprehensive literature survey was performed to compare the active compounds of Cornus officinalis and Paeonia lactiflora. Based on criteria such as relative content, oral bioavailability, and solubility, three active compounds of Cornus officinalis (loganin, ursolic, and morroniside) were selected for investigation in this study. Furthermore, the isomers paeoniflorin and albiflorin were included as the active compounds of Paeonia lactiflora. The targets and mechanisms of these five compounds were explored via network pharmacology and molecular docking and preliminarily verified in a rat model of collagen-induced arthritis (CIA).
MATERIALS AND METHODS
Predictive Screening of the Target Genes of Selected Compounds
The target proteins of loganin, ursolic acid, morroniside, paeoniflorin, and albiflorin were screened using three databases. First, targets were screened using the Traditional Chinese Medicine System Pharmacology (TCMSP) database and Analysis Platform (https://www.tcmspw.com/tcmsp.php). Based on the predicted target proteins corresponding to the chemical small molecules identified by TCMSP, the names of the target proteins were matched with the abbreviated gene symbols corresponding to the uniprotID in the uniport database (https://www.uniprot.org). Next, targets were screened using the PharmMapper database (http://www.lilab-ecust.cn/pharmmapper) based on the chemical small molecules identified in the database. Finally, targets were screened using the Swiss database (http://www.swisstargetprediction.ch) based on the chemical small molecules identified in the database. All predicted targets from TCMSP and the top ten targets from PharmMapper and Swiss were selected, and a Venn diagram was generated to identify overlapping targets between databases. In total, 132 unique gene targets of the five compounds were identified between the three databses.
Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Functional Analysis
GO and KEGG functional analysis of the previously screened targets was performed using the database for Annotation, Visualization, and Integrated Discovery website (https://david.ncifcrf.gov). p ≤ 0.05 was defined as the critical value of significant enrichment, and results were mapped using R software as bar plots and bubble plots for both GO and KEGG analysis. The “Pathview” package in R software was used to generate a diagram of signaling pathways associated with RA based on the results of KEGG analysis.
Protein-Protein Interaction Analysis of Target Interactions
The interactions among the target proteins of the selected compounds was mapped by constructing a PPI network to present the direct and indirect regulatory relationship between the targets, using the STRING web site (https://string-db.org). For visual analysis of the target proteins, a visual PPI network diagram was generated using Cytoscape 3.6.1, and the Network Analyzer function in Cytoscape was utilized to evaluate the topology parameters of the network nodes. In addition, compound-target relationships were visualized by constructing a pharmacological network map using Cytoscape.
Identification of Common Targets of Rheumatoid Arthritis and Active Compounds
The potential targets of RA were screened in the following databases: OMIM (https://www.omim.org), GenCLiP3 (http://ci.smu.edu.cn/genclip3/analysis.php), CTD (http://ctdbase.org), and GeneCards (https://www.genecards.org). The targets of RA identified here were illustrated using a Venn diagram, revealing 71 common targets between the four databases (Supplementary Table S1). Then, the 71 targets of RA were compared with those of the five selected active compounds to reveal the common targets.
Molecular Docking Analysis
Based on the active compounds and core targets selected above, the protein structure of the corresponding target was obtained from the PDB database (http://www.rcsb.org/). Molecular docking analysis was performed using the AutoDock Vina software (http://vina.scripps.edu/) (Trott and Olson, 2010).
Collagen-Induced Arthritis Induction and Drug Treatment
Commercially available Cornus officinalis (COR) and Paeonia lactiflora (PAE) were purchased from Zhejiang Chinese Medical University Medical Pieces Ltd. (Hangzhou, China), ursolic acid (UA, DX0019) and paeoniflorin (PF, DS0070) were purchased from Desite (Chengdu, China), and dexamethasone (DEX, D1756) was purchased from Sigma-Aldrich (St. Louis, MO). Each compound was dissolved in sterilized water, given that drug administration is performed at 10 ml per kg of animal body weight. All animal experiments were performed at Wuhan Myhalic Biotechnology Co., Ltd. (Wuhan, China). The experimental protocol was approved by the institutional review board of the Model Animal Research Institute at Wuhan Myhalic Biotechnology Co., Ltd. and adhered to the guidelines for animal care and use (approval number: HLK-20190418–01). Male specific-pathogen-free Sprague-Dawley rats weighing 200 ± 20 g, acquired from China Three Gorges University, were housed in a facility with 50–60% relative humidity at 25°C. Before the experiment, the rats adaptively fed for 7 days, where they were allowed free access to food and water. The CIA model was established following previously reported methods (Jia et al., 2014), with three rats in each group. Control rats were not treated in any way. To induce CIA, 10 mg of type II collagen (PAB43878, Bioswamp) was mixed with 0.01 M acetic acid and emulsified with an equal volume of Freund’s complete adjuvant to a final collagen concentration of 2 mg/ml. On day 0, experimental rats were intradermally injected with 0.1 ml of emulsified collagen II in the right hind toe. Boost immunization was induced after 7 days with an additional intradermal injection of 0.1 ml of emulsified collagen II in the right hind toe. Drug treatment began after another 7 days (14 days of CIA induction) by gavaging the rats daily with the following drug doses: COR: 3.36 g of drug per kg of body weight per day (g/kg/d); PAE: 6.27 g/kg/d; UA: 25 mg/kg/d; PF: 7.5 mg/kg/d; DEX (positive control): 0.5 mg/kg/d.
Sample Preparation
After 20 days of drug administration (34 days after initial CIA induction), the rats were sacrificed via an overdose of sodium pentobarbital. Synovial tissues were isolated by cutting open the knee joint to expose the kneecap and separating the muscles. The synovial and fibrous layers of the joint capsule were separated using surgical scalpels, and synovial tissues were extracted. The right ankle joint was fixed in 4% paraformaldehyde, decalcified, and paraffin-embedded for histological examination.
Immunohistochemistry
Tissue sections were heated at 65°C for 1 h and immersed in xylene for 30 min. After deparaffinization, the sections were washed in tap water for 10 min. Antigen retrieval was performed by immersing the sections in 0.01 M sodium citrate buffer at 125°C and 103 kPa for 20 min, and the sections were then washed three times with phosphate-buffered saline (PBS) after cooling. Endogenous peroxidase was performed in 3% H2O2 at 37°C for 10 min and the sections were thereafter washed three times with PBS. The sections were then blocked in 10% goat serum (SL038, Solarbio) at 37°C for 20 min in a humidified atmosphere and washed three times with PBS. For staining, the sections were incubated overnight at 4°C with primary antibodies against galectin-3 (LGALS3, PAB32080, Bioswamp, Wuhan, China), signal transducer and activator of transcription 3 (STAT3, PAB30641, Bioswamp), and vascular endothelial growth factor-A (VEGFA, PAB45842, Bioswamp) (all diluted at 1:50 in PBS). Thereafter, the sections were washed three times with PBS and incubated for 1 h at 37°C with secondary antibodies in the MaxVision™ HRP-Polymer anti-Mouse/Rabbit IHC Kit (KIT-5020, Maxim, Fuzhou, China). After three washes with PBS, the sections were stained with diaminobenzidine, washed with tap water, and counterstained with hematoxylin (G1140, Solarbio) for 3 min. After ethanol dehydration and xylene washes, the sections were sealed and observed under a microscope. Brown areas represent positive staining.
Data Analysis
The intensity of positive immunohistochemical staining was quantified by ImagePro Plus using three sections from each treatment group (n = 3). The data are represented as the average integrated optical density ± standard deviation. One-way analysis of variance with Tukey’s post-hoc analysis was performed to evaluate the differences among groups. p < 0.05 was considered as statistically significant.
RESULTS
Molecular and Drug-Like Properties of Active Compounds
The molecular structures of the selected active compounds of Cornus officinalis (loganin, ursolic acid, and morroniside) and Paeonia lactiflora (paeoniflorin and albiflorin) investigated in this study are shown in Figure 1A. The “absorption, distribution, metabolism, and excretion” (ADME)-related pharmacological parameters of these compounds are listed in Table 1, and the detailed descriptions of these parameters can be found on the TCMSP web site (https://tcmspw.com/load_intro.php?id=29). The “drug-likeness” of a compound can be evaluated from these parameters by referring to Lipinski’s “Rule of 5”, which is a guide to determining whether a compound’s pharmacological activity is likely to render it orally active in humans (Lipinski et al., 2001). Among the five compounds, ursolic acid is the only one that satisfies three out of the four criteria in the Rule of 5: Hdon < 5, Hacc < 10, and MW < 500. In addition, paeoniflorin exhibits the highest OB (oral bioavailability) score of 53.87% and the highest DL (drug-likeness) score of 0.79. These results signify that among the five active compounds, ursolic acid and paeoniflorin (active compounds in Cornus officinalis and Paeonia lactiflora, respectively) exhibited the most “drug-like” pharmacological properties.
[image: Figure 1]FIGURE 1 | Molecular structure and potential targets of the active compounds of Cornus officinalis and Paeonia lactiflora. (A) Three active compounds of Cornus officinalis (loganin, ursolic acid, and morroniside) and two of Paeonia lactiflora (paeoniflorin and albiflorin) were examined in this study. (B) In total, 132 target genes among the five active compounds were identified by three databases (Swiss, TCMSP, and PharmMapper), with five targets overlapping between Swiss and PharmMapper. However, no target gene was commonly identified by all three databases.
TABLE 1 | Pharmacological and molecular properties of active compounds investigated in this study.
[image: Table 1]Target Prediction of Active Compounds and Gene Ontology Functional and Kyoto Encyclopedia of Genes and Genomes Pathway Enrichment Analysis
The protein targets of these compounds were predicted using three databases: Swiss, TCMSP, and PharmMapper (Figure 1B). In total, 132 unique target proteins were identified between the five compounds, with five common targets between Swiss and TCMSP. However, no target was identified in all three databases. The results of GO analysis revealed that the 132 target genes were significantly enriched in 93 GO terms, of which the top 20 terms based on adjusted p-value and gene count are shown in Figures 2A,B, respectively. The common terms found in the bar and bubble plots were identified and listed in order of gene count in Table 2. Among the eight GO terms, 52 unique target genes were identified, among which 12 (ATF2, CTSB, DDP4, FOS, IGHG1, JUN, KLK7, MMP1, MMP2, MMP3, MMP10, and PLAU) were found in three GO terms (the maximum). Similarly, the results of KEGG analysis revealed that the 132 target genes were significantly enriched in 118 signaling pathways. The top 20 KEGG terms based on adjusted p-value are shown in Figure 3A, and these terms were rearranged in order of gene count in Figure 3B. The top 10 terms in Figure 3B and their target genes are listed in Table 3. Among the ten KEGG terms, 46 unique target genes were identified, among which RELA and IKBKG were found in all ten KEGG terms. The next most enriched terms were TP53, which appeared nine times, and CASP3, IL6, and JUN, which each appeared eight times in the top ten KEGG terms.
[image: Figure 2]FIGURE 2 | GO functional enrichment analysis of the active compounds of Cornus officinalis and Paeonia lactiflora. (A) Bar plot of top 20 enriched terms of GO functional analysis, ranked by enrichment score. The intensity of the colors represents the adjusted p-value. (B) Bubble plot displaying the top 20 enriched terms of GO functional analysis, ranked by gene count. The intensity of the colors represents the adjusted p-value and the bubble size corresponds to the number of genes.
TABLE 2 | Target genes involved in top GO terms.
[image: Table 2][image: Figure 3]FIGURE 3 | KEGG pathway enrichment analysis of the active compounds of Cornus officinalis and Paeonia lactiflora. (A) Bar plot of top 20 enriched pathways of KEGG analysis, ranked by enrichment score. The intensity of the colors represents the adjusted p-value. (B) Bubble plot displaying the top 20 enriched pathways of KEGG analysis, ranked by gene count. The intensity of the colors represents the adjusted p-value and the bubble size corresponds to the number of genes.
TABLE 3 | Target genes involved in top KEGG terms.
[image: Table 3]Protein-Protein Interaction Network Analysis of Active Compounds
To evaluate the relationship between the identified target proteins, a PPI network was constructed to present the direct and indirect regulatory interactions among the targets (Figure 4A). The nature of the interactions is differentiated using lines of different colors, as illustrated in Figure 4A. In addition, a visual PPI network diagram was generated to evaluate the topology parameters of the network nodes (Figure 4B). The size and darkness of the nodes represent the number of degrees of each node. The thickness and color of the edges represent the combination score, with yellow and blue indicating lower and higher combination scores, respectively. The core genes were further analyzed and ranked by the number of times that each gene appears among relationship pairs within the network diagram (Figure 4C). Among these interactions, there were 131 nodes and 913 edges in total, with an average node degree of 13.9. Nodes that are larger and darker in red are those with higher degrees of freedom (Figure 4B), suggesting that the represented genes are closely linked to other genes in the network and may be critically associated with RA pathogenesis. Among these, the top ten key genes in terms of degrees of freedom are TP53, IL6, TNF, VEGFA, STAT3, CASP3, JUN, MAPK8, IL1B, and PTGS2, with respective degrees of freedom of 62, 61, 60, 59, 53, 51, 46, 45, 42, and 42 (Figure 4C).
[image: Figure 4]FIGURE 4 | PPI network analysis of the identified targets of the active compounds of Cornus officinalis and Paeonia lactiflora. (A) The interactions among the target proteins of the selected compounds was mapped by constructing a PPI network to present the direct and indirect regulatory relationship between the targets. The nature of the interactions is differentiated using lines of different colors. (B) For visual analysis of the target proteins, a visual PPI network diagram was generated to evaluate the topology parameters of the network nodes. The size and darkness of the nodes represent the number of degrees of each node. The thickness and color of the edges represents the combination score, with yellow and blue indicating lower and higher combination scores, respectively. (C) Analysis of core genes, ranked by the number of times that each gene appears among relationship pairs within the network diagram.
Next, a pharmacological network map was constructed to illustrate the interplay between compound-target relationships (Figure 5). The active compounds investigated in this study are displayed in pink hexagons and their targets are shown in yellow circles. Genes that are targeted by two or more compounds are revealed by identifying the nodes with multiple connections (Table 4). Among the identified targets, four (LGALS3, LGALS9, ADORA2A, and IGHG1) were the common targets of three compounds and 18 were the common targets of two compounds.
[image: Figure 5]FIGURE 5 | Pharmacological network map illustrating compound-targets relationships. The active compounds investigated in this study are displayed in pink hexagons and their targets are shown in yellow circles. Genes that are the target of two or more compounds are revealed by identifying the targets with multiple connections (degrees).
TABLE 4 | Degrees of freedoms of genes targeted by multiple active compounds.
[image: Table 4]Common Target Genes of Rheumatoid Arthritis and Active Compounds: Prediction, Simulation, and Validation
We then screened for the target genes of RA in four databases: OMIM, GenCLiP3, CTD, and GeneCards. Among all of the identified targets, Venn diagram analysis revealed that there were 71 common targets of RA from these databases (Figure 6A). These 71 targets were compared with the 132 previously identified unique targets of the five active compounds (loganin, ursolic acid, morroniside, paeoniflorin, and albiflorin), revealing eight common targets (Figure 6B). These are namely IL1β, VEGFA, STAT3, TP53, IL6, TNF, FOS, and LGALS3.
[image: Figure 6]FIGURE 6 | Common targets of RA and active compounds of Cornus officinalis and Paeonia lactiflora. (A) The gene targets of RA were screened using four databases (OMIM, GenCLip3, CTD, and GeneCards) and common targets between databases are illustrated using a Venn diagram. Among all identified targets, 71 were common between all four databases. (B) The 71 targets of RA were compared with the 132 previously identified targets of Cornus officinalis (loganin, morroniside, and ursolic acid) and Paeonia lactiflora (paeoniflorin and albiflorin) and a Venn diagram was generated to illustrate the number of common targets. Between RA and the active compounds, 8 common targets were identified.
To elucidate the mechanism of compound-target binding, we evaluated the binding energy between the eight common targets and the five active compounds (Table 5). Lower binding energies correspond to stronger binding between compound and target (Aamir et al., 2018). Consistent with the compound-target relationships shown in Figure 5 and Table 4, the binding strengths between each identified target with their corresponding active compounds/compounds (bold values in grey cells in Table 5) are the highest among all active compounds. The exception was LGALS3, which was predicted to be targeted by morroniside, paeoniflorin, and albiflorin (Figure 5) but showed the greatest binding strength with ursolic acid, morroniside, and paeoniflorin. Using AutoDock Vina, we performed a molecular docking analysis between the five active compounds and three selected targets among the eight identified: LGALS3, STAT3, and VEGFA. The PDB IDs of the receptor proteins of LGALS3, STAT3, and VEGFA are 4BL1, 6NJS, and 1KAT, respectively. The results of molecular docking visualization (Figure 7) showed that the three targets were able to spontaneously bind to each of the five active compounds, via forces such as hydrogen bonds to form a stable conformation.
TABLE 5 | Binding energy between selected targets and active compounds investigated in this study.
[image: Table 5][image: Figure 7]FIGURE 7 | Molecular docking simulation of compound-target binding. Using AutoDock Vina, molecular docking analysis was performed between the five active compounds and three selected targets among the eight identified: LGALS3, STAT3, and VEGFA. The PDB IDs of the receptor proteins of LGALS3, STAT3, and VEGFA are 4BL1, 6NJS, and 1KAT, respectively. The three targets were able to spontaneously bind to each of the five active compounds via forces such as hydrogen bonds to form a stable conformation.
Experimental Validation of Target Protein Expression in Collagen-Induced Arthritis Rat Model
For a preliminary in vivo experimental validation of the predicted compound-target relationship, we evaluated the expression of LGALS3, STAT3, and VEGFA in a rat model of CIA (Figure 8A). Successful establishment of the CIA model was confirmed by assessing the arthritic score and swelling degree in the rats throughout the experimental period, as well as histological verification (data not shown). After the induction of CIA, Sprague-Dawley rats were subjected to daily treatment of Cornus officinalis (COR) or/and Paeonia lactiflora (PAE), their respective active compounds ursolic acid (UA) or/and paeoniflorin (PF), or dexamethasone (DEX) as a positive control (Cohen et al., 1960). UA and PF were selected for these experiments because they had previously been identified as the compounds with the most drug-like pharmacological properties. After 20 days of treatment, synovial tissues were isolated from the experimental rats and the synovial expression of LGALS3, STAT3, and VEGFA was assessed by immunohistochemistry (Figure 8B). Upon CIA induction, we noticed a significant increase in the positive synovial expression of LGALS3, STAT3, and VEGFA compared to that in the Control group (p < 0.05). The administration of COR or/and PAE, UA or/and PF, or DEX significantly reduced the expression of the three proteins in the synovial tissues of CIA-induced rats. In terms of VEGFA expression, the difference between the treatments was not significant. However, the effect of PF + UA and DEX was significantly better than that of all other treatments (except COR alone) in downregulating LGALS3 expression. Furthermore, PF + UA exerted a stronger effect in downregulating STAT3 expression than PAE and COR + PAE. Collectively, these results signify that the expression of LGALS, STAT3, and VEGFA, which can be considered as tissue biomarkers of RA, act as indicators of the effectiveness of treatment using various compounds.
[image: Figure 8]FIGURE 8 | Experimental validation of target protein expression in CIA rat model. (A) Sprague-Dawley rats were induced by CIA and treated with Cornus officinalis (COR, 3.36 g/kg/d) or/and Paeonia lactiflora (PAE, 6.27 g/kg/d), paeoniflorin (PF, 7.5 mg/kg/d) or/and ursolic acid (UA, 25 mg/kg/d), or dexamethasone (DEX, 0.5 mg/kg/d) daily for 20 days. (B) After sacrifice, synovial tissues were isolated from the rats and immunohistochemical staining was performed to assess the positive expression (brown areas in images) of LGALS3, STAT3, and VEGFA. Scale bar = 50 μm. Areas of positive staining were quantified using ImagePro Plus. The data are expressed as the average integrated optical density ± standard deviation (n = 3). * indicates p < 0.05.
DISCUSSION
Medicinal ingredients in TCM are composed of hundreds and even thousands of active chemical compounds. Each compound interacts with a variety of genes, proteins, and molecular pathways within a biological system, giving rise to the multi-target characteristic of TCM (Li et al., 2012). Consequently, the same type of TCM may exert diverse therapeutic effects in different diseases and models. For example, Cornus officinalis has been shown to promote caspase-mediated apoptosis of triple-negative breast cancer cells (Telang et al., 2019), while also exerting therapeutic effects against diabetic nephropathy via one of its active compounds, loganin (Ma et al., 2014). Similarly, the anti-inflammatory and immunomodulatory properties of Paeonia lactiflora have been widely recognized (He and Dai, 2011), but it also reportedly exhibited anti-oxidative and neuroprotective activity (Lee et al., 2008). The complexity of the interaction between active compounds and their targets has thus prompted the emergence of specific methods of accurately and rapidly screening and identifying relevant players in disease progression (Wang et al., 2012).
To this end, systems and network pharmacology offers a simple and efficient solution to the analysis of active compounds and targeting mechanisms using large-scale databases and screening tools. The main advantage and purpose of using network pharmacology is that it provides a systematic and objective analysis of the molecular roles of our selected compounds. This is done through a variety of databases and bioinformatic resources, giving us a direction towards future research by identifying specific targets of interest that can be further explored experimentally. The underlying mechanism of Cornus officinalis and Paeonia lactiflora has been predicted using network pharmacology in association with diseases such as ulcerative colitis (Zhang et al., 2019), Alzheimer’s disease (Zeng et al., 2019), Parkinson’s disease (Du et al., 2020), and depression (Liu et al., 2020). Using a variety of network pharmacology resources, we analyzed the potential molecular functions of Cornus officinalis and Paeonia lactiflora pertaining to RA by breaking down the properties of their individual active compounds. We found that the active compounds of Cornus officinalis (loganin, ursolic acid, and morroniside) and Paeonia lactiflora (paeoniflorin and albiflorin) included in this study share eight common target genes with RA, namely IL1β, VEGFA, STAT3, TP53, IL6, TNF, FOS, and LGALS3. Using molecular docking simulation, we showed the binding of each active compound with three chosen targets (LGALS3, STAT3, and VEGFA). We finally verified the targeting effect of ursolic acid and paeoniflorin, the most “drug-like” active compounds of Cornus officinalis and Paeonia lactiflora, respectively, in a rat model of CIA. The results of immunohistochemical staining revealed that CIA induced a significant increase in the synovial expression of LGALS3, STAT3, and VEGFA. The protein expression of these targets was subsequently attenuated by Cornus officinalis or/and Paeonia lactiflora, as well as ursolic acid or/and paeoniflorin, confirming the proposed compound-target relationships.
GO and KEGG analysis enable the identification of key pathways and genes involved in disease development and progression. Herein, we analyzed the top eight GO terms and top ten KEGG terms pertaining to the five active compounds selected for our study. In the GO analysis (Table 2), three common targets between active compounds and RA appeared in two terms: “protein heterodimerization activity” (VEGFA, FOS, and TP53) and “RNA polymerase II transcription factor binding” (STAT3, FOS, and TP53), both belonging to the “molecular function” category. KEGG analysis revealed three specific molecular signaling pathways among the ten most enriched terms, namely PI3K-Akt, MAPK, and TNF signaling pathway (Table 3). Respectively, these pathways contain three (VEGFA, IL6, and TP53), five (VEGFA, FOS, TNF, TP53, and IL1B), and four (FOS, TNF, IL6, and IL1B) target genes that are found in our eight key common targets. We note that each target appears twice within the pathways, but among them, only three (TNF, IL6, and VEGFA) are targeted by more than one active compound. Interestingly, all three are targets of both ursolic acid and paeoniflorin (Table 4), which have been identified as the most “drug-like” substances in this study. Collectively summarizing these evidences, we suggest that Cornus officinalis and Paeonia lactiflora mainly exert their therapeutic effects against RA by targeting TNF, IL6, and VEGFA via modulation of PI3K-Akt, MAPK, and TNF signaling.
Among the eight common targets between active compounds and RA, LGALS3, STAT3, and VEGFA were selected for further validation based on a comprehensive evaluation of their degrees of freedom and binding energies. These three targets have important implications in association with RA. LGALS3 reportedly contributed to RA development by promoting inflammation (Mendez-Huergo et al., 2018) and activating synovial fibroblasts (Ohshima et al., 2003). The specific effects of ursolic acid and paeoniflorin on the expression of LGALS3 has not been investigated in the literature. Nevertheless, a targeting relationship between ursolic acid and the tyrosine-protein kinase MER, of which LGALS3 is a ligand, has been suggested (He et al., 2015), and a binding relationship between paeoniflorin and LGALS3 has been predicted by systems pharmacology (Chen et al., 2020). STAT3 has been shown to be required for synoviocyte survival in RA (Krause et al., 2002), and STAT3 inhibitors have been proposed as therapeutic candidates for RA treatment (Oike et al., 2017). Ursolic acid has been shown to suppress colon cancer (Wang et al., 2013) and hepatocellular carcinoma (Liu et al., 2017) by inhibiting STAT3 signaling, whereas paeoniflorin exerted anti-diabetic effects (Li et al., 2018) and suppressed glioma cell growth (Nie et al., 2015) by targeting STAT3. The angiogenic factor VEGFA is produced by active synovial fibroblasts and has been implicated in the pathogenesis of RA, being one of its most important biomarkers (Taylor, 2002). Studies have revealed the chemosensitizing effects of ursolic acid in colon cancer (Shan et al., 2016) and the protective effects of paeoniflorin against oxidative injury (Song et al., 2017), both via suppression of VEGF signaling. Taken together, our results are in agreement with previous research showing the compound-target relationship between ursolic acid/paeoniflorin and each of LGALS3, STAT3, and VEGFA. Our immunohistochemical studies in a rat CIA model preliminarily validated these compound-target relationships. However, the significance of these relationships in RA have not been elucidated and require further exploration.
CONCLUSION
Our study presents a comprehensive analysis of the active compounds of Cornus officinalis and Paeonia lactiflora based on network pharmacology and molecular docking. This was complemented by a preliminary immunohistochemical verification of the identified compound-target relationships in a rat model of CIA. We systematically revealed the pharmacological and molecular roles of Cornus officinalis and Paeonia lactiflora, further establishing them as important candidate drugs in the treatment and management of RA. One limitation of this study was that the analysis prompted us to focus on ursolic acid and paeoniflorin as the main active compounds of Cornus officinalis and Paeonia lactiflora, respectively, in RA treatment. This was solely based on evaluation of “drug-likeness”, which is one of the criteria of assessing pharmacological activity but certainly not the only one. The roles of the other active compounds (loganin, morroniside, and albiflorin) did not receive much attention in this study, but will form the basis of follow-up investigation on the role of Cornus officinalis and Paeonia lactiflora in RA therapy. In addition, the role of PI3K-Akt, MAPK, and TNF signaling in the treatment of RA by Cornus officinalis and Paeonia lactiflora was not verified experimentally in this study and remains to be explored in follow-up research.
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Psoriasis, an incurable autoimmune skin disease, is one of the most common immune-mediated disorders. Presently, numerous clinical research studies are underway, and treatment options are available. However, these treatments focus on improving symptoms of the disease and fail to achieve a radical cure; they also have certain toxic side effects. In recent years, natural products have increasingly gained attention because of their high efficiency and low toxicity. Despite their obvious therapeutic effects, natural products’ biological activity was limited by their instability, poor solubility, and low bioavailability. Novel drug delivery systems, including liposomes, lipospheres, nanostructured lipid carriers, niosomes, nanoemulsions, nanospheres, microneedles, ethosomes, nanocrystals, and foams could potentially overcome the limitations of poor water solubility and permeability in traditional drug delivery systems. Thus, to achieve a therapeutic effect, the drug can reach the epidermis and dermis in psoriatic lesions to interact with the immune cells and cytokines.
Keywords: psoriasis, pathogenesis, natural products, novel drug delivery systems, target
INTRODUCTION
Psoriasis is a chronic autoimmune skin disease that affects 2–5% of the world’s population (Sala et al., 2016). The characteristic symptoms of psoriasis are erythema with sharp borders and covered with multiple layers of silvery white scales, which primarily occur on the scalp and extensor parts of the limbs (Krueger and Bowcock, 2005; Boehncke and Schön, 2015). Presently, the pathogenesis of psoriasis remains unclear, but it is believed to result from a combination of genetic, immunological, and environmental factors. Cross-contamination from unclean hair-cutting tools may contribute to the spread of the disease. Although psoriasis is a mild disease with localized inflammatory lesions, if an individual does not receive prompt and effective treatment, psoriasis can easily turn into a severe disease, with widespread plaques covering more than 10% of the body surface areas (Hawkes et al., 2017). Patients with psoriasis are at increased risk for psychological difficulties, including depression/anxiety and, in severe cases, suicidality (Dowlatshahi et al., 2014; Fleming et al., 2017; Singh et al., 2017).
The past decade has seen the rapid development of systematic studies on psoriasis, although there remains no treatment that can heal psoriasis. Generally, three types of treatments are provided, namely, local treatment, phototherapy, and systemic therapy. However, related toxicities cause poor compliance during long-term treatment (Rajitha et al., 2019), which restricts clinical adoption of these treatments. Hence, how to develop a new and effective therapy for psoriasis remains an urgent conundrum. Traditional medicine has been known and used in psoriasis for years, resulting in experience with therapies and prescriptions that provide the basis for the treatment of psoriasis. With deep research into traditional medicine through modern pharmacological and chemistry means, a large number of natural products (such as ferulic acid (Lo et al., 2019), curcumin (Kang et al., 2016), indirubin (Lin et al., 2014), and capsaicin (Kürkçüoğlu and Alaybeyi, 1990)) with anti-psoriasis activity have been unlocked. The drug administration of natural products can be commonly treated under five routes: intravenous injection (Zhou et al., 2017), intravenous drip (Shi et al., 2019), oral administration (Li et al., 2019a), phototherapy (Niu et al., 2015), and transdermal administration (Pal et al., 2015). Among them, transdermal drug delivery is the most commonly used alternative, allowing traditional dosage forms such as gels, creams, and tinctures to be utilized with natural products to treat psoriasis. However, transdermal drug delivery with natural products is limited by traditional formulations’ poor solubility and low permeability, which prevents the drug from being absorbed through the skin. The pathological and histochemical changes in psoriasis lead to exceptional skin permeability. On the one hand, the drugs have difficulty in reaching the epidermis through multiple layers of scales, reducing permeability. On the other hand, the recurrent shedding of scales due to the fragility of stratum corneum (SC) and the irregularity of corneocytes may increase permeability. It is now understood that ceramides play an essential role in the water retention of SC (Pinheiro et al., 2007; Coto et al., 2011; Liang et al., 2020). Therefore, the water holding capacity of skin affected by psoriasis is decreased because of the decline in ceramides (Sano, 2015). Consequently, novel drug delivery systems (such as liposomes, lipospheres, nanostructured lipid carriers, niosomes, and nanoemulsions) have been developed to improve the skin penetration of natural products, impacting the immune cells in the epidermis or dermis and therefore improving the therapeutic effects.
Here, we review recent studies on the development of conventional natural products and the novel drug delivery systems to enhance the skin drug delivery of natural products for the treatment of psoriasis.
THE CLINICAL FINDINGS AND HISTOPATHOLOGICAL FEATURES OF PSORIASIS
The clinical phenotypes of psoriasis are generally classified into the following types: plaque psoriasis, guttate psoriasis, pustular psoriasis, and erythrodermic psoriasis. Plaque psoriasis, accounting for 90% of all cases, is characterized by red skin with silvery scales, usually occurring in certain areas, including the knees, elbows, and scalp (Griffiths and Barker, 2007). The plaques vary in size, are symmetrically distributed, and are often surrounded by normal skin. The psoriatic skin and the normal skin are sharply demarcated from each other. Guttate psoriasis, whose typical features involve small and scattered papules, may be associated with streptococcal infections. Generalized pustular psoriasis, a relatively rare and severe form, manifests as superficial, sterile, and tender pustules on an erythematous base. Erythrodermic psoriasis, the most severe form of psoriasis, may be life threatening. The clinical expression of erythrodermic psoriasis involves bright erythema across the body and superficial desquamation.
The skin comprises the dermis and the epidermis, which has a multilayer structure comprising basal, spinous, and granular cell layers. During differentiation, keratinocytes can gradually move from the basal layer to differentiate into the upper layers of the epidermis and eventually desquamate (Madden et al., 2020b). The abnormal function of neutral lipids, which makes it difficult to secrete into the extracellular space, results in a defective water/vapor barrier and shedding of the SC. For normal skin, the time taken by keratinocytes to reach the surface of the skin from the basal layer is probably 6–8 days, whereas the time is probably 40 days in psoriatic skin. This phenomenon is presumably linked to the increased expression in keratin 6/16/17 in psoriasis lesions (Roberson and Bowcock, 2010). Histologically, there is a prominent hyperkeratosis, parakeratosis (retention of nuclei in cells of the SC), absence of the normal granular layer, and a thickened spinous layer. Additionally, psoriatic skin exhibits elongation of rete ridges that may develop into a long, fine, undulating morphology. Micro-abscesses of Munro, the characteristic hallmark of psoriasis, form because of the substantial number of neutrophils accumulating in the epidermis. Because of the thinning or disappearance of the granular layer at psoriasis lesions, the spinous layer may prematurely express the products (such as fatty acid-binding protein, filaggrin, corneodesmosin, glutaminase, involucrin, and loricrin) normally expressed in the granular layer (Ruissen et al., 1996; Guttman-Yassky et al., 2009). The blood vessels in the dermis are prominent and increase in number, which may relate to the epidermal vascular endothelial growth factor (VEGF) (Elias et al., 2008).
Other defining histological features of psoriasis are reflected by the infiltration of immune cells in the skin. In the dermis, there is marked infiltration of CD4+ T cells and dendritic cells (DCs), whereas in the epidermis, an exaggerated number of CD8+T cells, DCs, and neutrophils are found. Figure 1 illustrates the histological differences between psoriatic skin and normal skin.
[image: Figure 1]FIGURE 1 | The differences between normal skin and psoriatic skin. The epidermis contains four homogenous layers: stratum basale (1), the stratum spinosum (2), the stratum granulosum (3), and the stratum corneum (4).
PATHOGENESIS OF PSORIASIS
Up to now, research into the pathogenesis of psoriasis has been exploratory. Before 1979, keratinocyte dysregulation, leading to keratinocyte hyperproliferation, was considered to contribute to the disease (Wagner et al., 2010; Lynde et al., 2014). In 1986, evidence emerged that psoriasis was associated with the activation of lymphocytes, infiltration of lymphocytes, and abnormal proliferation of keratinocytes (Valdimarsson et al., 1986). Presently, most investigators believe that the activation of immune cells (such as T cells, neutrophils, MCs, and macrophages), which secrete copious amounts of cytokines, eventually leads to the proliferation of keratinocytes, epidermal thickening, and angiogenesis.
The Roles of DCs in Psoriasis
DCs, the professional antigen-presenting cells, comprised myeloid DCs (MDCs) and plasma cell-like DCs (pDCs). DCs are significant contributory factors to the development of psoriasis because of the cytokines secreted by them and their influence on T cells. MDCs are involved in immune regulation through the secretion of cytokines (such as interleukin [IL] 12, IL-23, tumor necrosis factor-alpha [TNF-α], IL-20, IL-8, and inducible nitric oxide synthase [iNOS]) (Johnson-Huang et al., 2012). IL-12 can induce the differentiation of naive T cells into Th1 cells, whereas IL-23 can induce them into Th17 and Th22 cells (Edmund et al., 2004; Zhou et al., 2007). The MDCs interact with T cells through the immunological synapse and stimulate T cells to secrete corresponding cytokines, thus causing a series of effects. Additionally, pDCs, which accumulate mainly in the blood and lymphoid tissues, are sensitive to the infection caused by a virus (Yong-Jun, 2005). Upon stimulation with the complexes of LL-37 and cell-free DNA (cfDNA), pDCs trigger toll-like receptor 9, leading to the differentiation and maturation of pDCs and the secretion of interferon (IFN)-α, which can promote the subtype of DCs from MDCs to pDCs and, thus, mediate the activation of T cells to secrete a series of cytokines. Moreover, IFN-α enhances the expression of IL-22R on epidermal keratinocytes, which is followed by the inhibition of keratinocyte differentiation, resulting in the thickening of the epidermis (Tohyama et al., 2012).
The Roles of T Cells in Psoriasis
Over the last 2 decades, research has tended to focus on T cells, primarily including CD4+ T and CD8+ T cells, and their vital roles in the pathogenesis of psoriasis. Under the induction of MDCs or macrophages, naïve CD4+ T cells can differentiate into Th1, Th2, Th17, or Treg cells, which seem to work primarily by producing cytokines. For a long time, psoriasis was assumed to be mediated by Th1 cells through the secretion of TNF-α, IFN-γ, IL-2, and IL-12 (Austin et al., 1999). In 2007, Fitch and Kastelein et al. (Fitch et al., 2007; Kastelein et al., 2007) proposed an “IL-23/Th17 axis,” which might be more applicable in the present research of psoriasis. IL-23, mainly produced by activated DCs and macrophages, is the critical cytokine used to maintain the phenotype of Th17 cells (Stritesky et al., 2008). Th17 cells participate in immune regulation directly or via the production of IL-17, IL-22, and TNF-α. IL-22 can stimulate the signal transducers and activators of transcription (STAT) three signaling pathway and then stimulate proliferation and differentiation of keratinocytes, and thus inducing keratinocytes to produce chemokines (such as CXCL8 and CXCL1) (Sestito et al., 2011). IL-17 has been found to promote the proliferation of keratinocytes and the production of cytokines (IL-1β, IL-6, and TNF) and antimicrobial peptide (β-defensin and matrix metalloproteinase). Furthermore, chemokines (CXCL8 and CXCL1) produced by IL-17 may, in turn, result in the recruitment of Th17 and DCs in the epidermis, thus forming a positive feedback loop (Nograles et al., 2008; Girolomoni et al., 2017). Th22 cells act primarily through the secretion of IL-22 and TNF-α.
Similar to CD4+ T cells, there also exist T-cell subsets in the CD8+ cells, which can secrete cytokines such as IL-2, IL-17, and IL-22: these cytokines were named Tc1, Tc17, and Tc22, respectively. Tc1 cells secrete IFN-γ, IL-2, and TNF-α, whereas Tc22 cells function by secreting IL-22. Compared with Th17 cells, Tc17 cells secrete not only IL-17, IL-22, TNF-α, and IFN-γ but also CCL20 and Granzyme B. IL-17A is key both in creating keratinocyte hyperproliferation and in producing other proinflammatory cytokines (Volarić et al., 2019). Although there have been relatively few studies of CD8+ cells in psoriasis, it is now clear that these cells can produce corresponding cytokines, which can cause the pathologic changes in keratinocytes and blood vessels. The relationship between the MDCs and the T cells is shown in Figure 2.
[image: Figure 2]FIGURE 2 | The relationship between the MDCs and the T cells.
The Roles of Neutrophils in Psoriasis
Neutrophils and their release of genomic, DNA-based, web-like structures known as neutrophil extracellular traps (NETs) play an essential role in the regulation of psoriasis. Neutrophils, the most abundant leukocytes in the human peripheral vascular system, can be drawn to the epidermis of psoriasis lesions in large numbers. In psoriasis lesions, the CXCR2 ligand released by keratinocytes could promote neutrophil migration from blood vessels to the epidermis and cooperatively increase the neutrophil accumulation in combination with Leukotriene B4. The IL-1β produced by neutrophils stimulates keratinocytes to secrete IL-1, IL-19, and CXCR2 ligands, which in turn act on neutrophils, thereby forming an immune circulation system (Sumida et al., 2014). Additionally, the matrix metallopeptidase-9 overexpressed by neutrophils can activate vascular endothelial cells, which may lead to skin vascular expansion and enhance permeability (Chen et al., 2020).
Recently presented data indicate that DCs are activated by the LL-37 and cfDNA complexes, thus producing a sequence of immune responses leading to psoriasis. Conversely, NETs might be the source of LL-37 and cfDNA complexes that accumulate in the psoriatic skin. When LL-37 binds to RNA (DNA), it may stimulate neutrophils to release LL-37 and various cytokines, thus forming a self-propagating, vicious cycle (Herster et al., 2020). Additionally, NETs might interact with T cells to impact the immune response to psoriasis. For example, NETs could enhance the expression of Act1 and D10N (key mediators of IL-17 signal transduction), which can lead to the production of Th17 in the presence of a variety of monocytes (Lambert et al., 2019).
Therapies to Treat Psoriasis
To date, the available treatments cannot completely cure psoriasis, and existing therapies only mitigate the symptoms to improve patients’ quality of life. Treatment options for the management of psoriasis generally include local treatment, phototherapies, and systemic treatments, which are utilized according to the different characteristics of the psoriasis.
Depending on the severity of symptoms, psoriasis can be classified as mild, moderate, or severe. Local treatment, mainly including corticosteroids and vitamin D and its analogs, is often the first choice for patients with mild to moderate symptoms (Pariser et al., 2007). However, phototherapy and systemic treatments should be considered if local treatment does not achieve the desired results or the disease becomes more serious. Phototherapies, based on broad-spectrum ultraviolet B and narrow-spectrum ultraviolet A (UVA), are used in combination with local treatment to improve efficacy. However, phototherapy treatments should not be used in patients who have hypersensitivity to light, cataracts, or liver/kidney failure. Systemic treatment, typically including oral retinoids (acitretin), cyclosporine, or methotrexate, should be considered when both local treatment and phototherapy fail to work. Long-term use of a systemic treatment may lead to adverse reactions, such as hypertension, nephrotoxicity, hepatotoxicity, and hyperlipidemia. Natural products possess the advantages of high efficiency and low toxicity and thus are highly promising therapy options for psoriasis.
THE CONVENTIONAL NATURAL PRODUCTS FOR THE TREATMENT OF PSORIASIS
Flavonoids
Flavonoids, a kind of polyphenolic compounds in plants, belong to the secondary metabolites of plants. Flavonoids have been shown to possess medicinal properties, and their remarkable anti-inflammatory effect plays an important role in the treatment of psoriasis.
To evaluate the anti-psoriasis effect of aromatic-turmeron, Li et al. (Li et al., 2018b) treated IMQ-induced mice topically with aromatic-turmeron at 40 mg/kg (high dose) or 0.4 mg/kg (low dose). The results showed that both doses of aromatic-turmeron reduced the PASI score of psoriatic mice and the thickness of the epidermis. Meanwhile, compared with that in the model group, the content of CD8+ T cells in the epidermis was significantly reduced in the treatment group, with approximately one-fifth of the CD8+ T cells reduced in the low-dose treatment group and nearly half reduced in the high-dose treatment group. The expression of TNF-α and IL-6 was decreased in the treatment group, and the messenger RNA (mRNA) synthesis of IL-17, IL-22, and IL-23 was downregulated. Notably, the high-dose treatment group reduced the expression level of IL-6 to similar levels as the control group. Therefore, aromatic-turmeron is a candidate drug for the treatment of psoriasis.
Additionally, Lv et al. (Lv et al., 2020) investigated the efficacy and mechanisms of luteolin in treating psoriasis. The in vitro results showed that luteolin inhibited the transcription expression of Hsp90 and the secretion of Hsp90 in HaCaT cells. The in vivo study demonstrated that the PASI scores of IMQ-induced mice were reduced to nearly 1, and the inflammatory cells at the lesion were reduced after intraperitoneal injection with luteolin on the eighth day. Luteolin was found to inhibit the exosome secretion of Hsp90 in the plasma of the psoriasis mice. Therefore, luteolin can regulate the expression level and exosome secretion of Hsp90 to achieve therapeutic effects. Moreover, It is hypothesized that the skin protective effects of luteolin could derive by the putative interactions with tyrosinase, whose inhibition has been related to the treatment of psoriasis (Chai et al., 2017; Nagula and Wairkar, 2019; Alalaiwe et al., 2020). Table 1 shows other flavonoids for the treatment of psoriasis.
TABLE 1 | Flavonoids for the treatment of psoriasis.
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Phenylpropanoids, including coumarins, phenylpropionic acids, curcumin, and gallic acid, showed promising results for the treatment of psoriasis.
Coumarins
Coumarins, an essential class of natural products, possess a benzoquinone α-pyran one core (Garg et al., 2020). Coumarins have been found to reduce the expression of inflammatory cytokines and chemokines, thereby exerting anti-psoriatic action. Typically, coumarins, represented by psoralen, are combined with phototherapy to improve therapeutic effects in psoriasis. Carrascosa et al. (Carrascosa et al., 2013) investigated the effectiveness and safety of psoralen-UVA (PUVA) therapy for 48 patients with a mean age of 51 years with palmoplantar psoriasis. After topical PUVA therapy, 63% of the cases were considered to be effectively treated (PGA score of 0 or 1). However, topical PUVA therapy should be combined with acitretin in cases where PUVA therapy has no apparent effect after 8 to 10 sessions. During treatment, 25% of the patients reported adverse effects. Overall, PUVA therapy achieved better results and had a favorable safety profile.
Phenylpropionic Acids
Phenylpropionic acids, such as ferulic acid and danshensu, have demonstrated favorable results in psoriasis. Lo et al. (Lo et al., 2019) aimed to study the therapeutic effects of ferulic acid on psoriasis by using psoriasis mice orally administered with ferulic acid (100 mg/kg) for 14 consecutive days. The skin lesions of the mice were significantly ameliorated at Day 8 after the ferulic acid treatment. Compared with the model group, the scaling score and erythema score were reduced by about 30 and 70%, respectively. Ferulic acid decreased the gene expression of IL-17A and prevented IL-17A from binding to IL-17RA.
Danshensu is a traditional Chinese herbal medicine used for the treatment of psoriasis, but its underlying mechanisms remain unclear (May et al., 2015). Jia et al. investigated the anti-psoriasis impacts of danshensu on psoriasis mice after intraperitoneal injections (20, 40, and 80 mg/kg/day) given on seven consecutive days. Danshensu improved the skin scales and thicknesses of the psoriasis in a dose-dependent manner. Compared with that in the model group, the skin thickness was decreased by 80% after high-dose treatment. In the high-dose treatment group, the expression of the YAP protein in the skin tissues was reduced to the level of the control group. Danshensu may achieve its anti-psoriatic effects by inhibiting the expression of YAP.
Other Phenylpropanoids
Curcumin, a polyphenolic compound extracted from the roots of curcuma longa, has unique advantages for the treatment of psoriasis. Kang et al. (Kang et al., 2016) evaluated the anti-psoriasis effects of curcumin through treating keratin 14-VEGF transgenic mice orally (40 mg/kg). The Baker scores of the mice were remarkably reduced after 10–20 days of treatment with curcumin. Compared with the model group, the Baker scores were significantly reduced by approximately 60% after 10 days of curcumin treatment. After 20 days of treatment, curcumin could reduce the levels of TNF-α, IFN-γ, IL-2, IL-12, IL-22, and IL-23 in the psoriasis mice to nearly 40–50%. After an additional 20 days, T cells in the ear skin could be reduced by curcumin treatment. More importantly, the results showed that there were no side effects for the kidney.
Gallic acid is a natural, small molecule, which shows a wide spectrum of important pharmacological properties, among which an anti-psoriasis effect has been the focus of research attention in recent years. Zhang et al. (Zhang et al., 2018) used gallic acid to treat psoriasis mice for six consecutive days. After 4 days of treatment, gallic acid significantly reduced the PASI scores of psoriatic mice. Meanwhile, compared with the model group, the gallic acid treatment group could reduce the thickness of the epidermis by more than 50% and reduce the dermal infiltrating cells. Gallic acid decreased the mRNA and protein expression of keratin 16 and keratin 17 and downregulated the activity of Nrf2 in mice with psoriasis. Table 2 shows other phenylpropanoids for the treatment of psoriasis.
TABLE 2 | Phenylpropanoids for the treatment of psoriasis.
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Terpenoids, a group of hydrocarbons biosynthetically derived from isoprene units, have a wide range of biological activities, such as antibacterial, anti-neurotoxicity, and antiviral immunosuppression. Moreover, terpenoids, as a kind of natural product with anti-inflammatory multi-target activity, have strong potential for the treatment of psoriasis. Liu et al. (Liu et al., 2019) investigated the anti-psoriasis effects of betulinic acid on psoriasis mice. Compared with the model group, the PASI scores of the betulinic acid treatment group were significantly reduced by nearly 40% and had an epidermis that was nearly 60% less thick. The infiltration of CD3+ T cells in the skin was significantly reduced by betulinic acid treatment. Betulinic acid suppressed Th17, γδT development, and NF-κB signaling.
Although its mechanism remains unknown, paeoniflorin is clinically efficacious in the treatment of psoriasis. Sun et al. (Sun et al., 2015) investigated the therapeutic effects and mechanism of paeoniflorin on IMQ-induced psoriasis mice. After 16 days of intraperitoneal paeoniflorin treatment (150 mg/kg), the ear thickness of psoriatic mice was significantly reduced. The histopathology assay showed that paeoniflorin treatment ameliorated the skin inflammation and reduced the epidermis thickening. The number of F4/80+ CD68 + macrophages and CD11b+ Gr-1+ neutrophils in the skin was decreased by paeoniflorin application. Paeoniflorin reduced the levels of IL-1β, IL-6, IL-12, IL-23, TNF-α, and iNOS. Table 3 shows other terpenoids for the treatment of psoriasis.
TABLE 3 | Terpenoids for the treatment of psoriasis.
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Alkaloids, a class of basic compounds containing nitrogen, are ubiquitously distributed in plants, bacteria, and fungi. Alkaloids, including indirubin, oxymatrine, and capsaicin, are considered to have the potential for the treatment of psoriasis because of their strong anti-inflammatory activities.
Indirubin is the main active substance of indigo naturalis, which is commonly applied to treat psoriasis in clinics (Lin et al., 2017). In recent years, research into the underlying mechanisms of indirubin on psoriasis has mainly focused on its anti-proliferative effect on keratinocytes and the inflammatory response mediated by immune cells. Studies have shown that indirubin exerts anti-psoriatic action by inhibiting the activation of EGFR and the gene expression of EGF-induced CDC25B in epidermal keratinocytes (Hsieh et al., 2012). Xie et al. (Xie et al., 2018) investigated the therapeutic effect of indirubin on psoriasis. On Day 7, the PASI scores in the indirubin treatment group (50 mg/kg, orally administered) were reduced by almost half compared with those in the model group. Indirubin also reduced the infiltration of CD3+ T cells, CD11b+ neutrophils, and IL-17A–producing γδT cells, thereby improving keratinocyte proliferation. Furthermore, indirubin inhibited the mRNA expression of IL-1, IL-6, IL-17a, IL-22, and IL-23.
Oxymatrine, an active component of Sophora flavescens, showed excellent anti-inflammatory and anti-psoriatic effects. To investigate the potential of oxymatrine in the treatment of psoriasis, Chen et al. (Chen et al., 2017b) gathered 150 patients clinically diagnosed with psoriasis vulgaris from both inpatient and outpatient clinics. They were given 600 mg/kg oxymatrine intravenously for 4 weeks. The efficacy rate of oxymatrine was 78% and the PASI scores of the patients decreased from 11.66 to 2.91 after oxymatrine treatment. During the treatment, there were no systemic adverse events.
Capsaicin, a major biologically active component of chili peppers, is commonly applied topically to treat psoriasis (Arnold and van de Kerkhof, 1994). Evidence has emerged showing that capsaicin can effectively treat psoriasis. Ellis et al. (Ellis et al., 1993) conducted a clinical trial with a double-blind, vehicle-controlled, parallel-group, and multicenter design to investigate the therapeutic effects of topical application of capsaicin. Compared with vehicle-treated patients, patients who applied capsaicin 0.025% cream showed better pruritus relief, which may be related to the decrease of substance-P (SP). This view that the therapeutic effect of capsaicin is associated with the reduction of SP expression is also supported by a study from Kürkçüoğlu et al. (Kürkçüoğlu and Alaybeyi, 1990). Table 4 shows other alkaloids used to treat psoriasis.
TABLE 4 | Alkaloids for the treatment of psoriasis.
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Steroids, an essential group of natural products, are characterized by the presence of a cyclopentano-perhydrophenanthrene carbon skeleton in the molecular parent structure. Steroids exert a broad range of pharmacological properties, especially in the treatment of psoriasis. Wu et al. (Wu et al., 2020) examined the potential of diosgenin in the treatment of psoriasis. The PASI scores were significantly improved on Day 4 of treatment. By Day 7 of treatment, the PASI score was five in the treatment group, which is half of the score observed in the model group. Diosgenin downregulated proinflammatory cytokines and upregulated the expression of several differentiation markers.
Organic Acids
Organic acids, which possess excellent therapeutic effects for psoriasis, are acidic organic compounds containing carboxyl groups, such as salicylic acid and gambogic acid. Salicylic acid, a clinical anti-psoriasis drug, is usually applied topically in combination with tacrolimus, mometasone furoate, or calcitriol to reduce side effects and increase the permeability of the drug to the skin. Salicylic acid hydrates and softens psoriasis skin by dissolving the intercellular cement or reducing the pH value of the SC (Lebwohl, 1999). In 408 patients with psoriasis, Koo et al. (Koo et al., 1998) treated one group with the combination of salicylic acid 5% and ointment mometasone furoate 0.1% and one group with mometasone furoate 0.1% ointment alone. The results showed that the combination of mometasone furoate and salicylic acid was more effective and safer than mometasone furoate alone. However, salicylic acid has certain toxic side effects, including skin irritation, liver injury, nausea, and vomiting. Therefore, the dosage and the application method of salicylic acid should be considered carefully.
Gambogic acid, the main active compound isolated from the resin of the tree Garcinia hanburyi, has been recently reported to exhibit anti-psoriatic efficacy. Wen et al. (Wen et al., 2014) investigated the anti-psoriatic effects of gambogic acid. On gross inspection, the lesions, epidermal architecture, and the parakeratosis of K14-VEGF transgenic mice were improved after treatment with gambogic acid for 2 weeks. The Baker scores in the second, fourth, and sixth weeks were 2.6, 1.3, and 1.1, respectively, showing a time-dependent effect. Additionally, gambogic acid suppressed hyperplastic and inflamed vessels, decreased the expression of adhesion molecules (such as ICAM-1 and E-selectin), and reduced the expression of IL-17 and IL-22. The Chemical structures of natural products for the treatment of psoriasis is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The chemical structures of natural products for the treatment of psoriasis. A: Flavonoids, B: Phenylpropanoids, C: Terpenoids, D: Alkaloids, E: Steroids, F: Organic acids. (1) Quercetin, (2) Cyanidin, (3) Naringenin, (4) Taxifolin, (5) Aromatic-turmerone, (6) Hispidulin, (7) Delphinidin, (8) Quercitrin, (9) Luteolin, (10) Amentoflavone, (11) Epigallocatechin-3-gallate, (12) Glabridin, (13) Proanthocyanidin, (14) Astilbin, (15) Hesperetin, (16) Rhododendrin, (17) Baicalein, (18) Genistein, (19) Isopsoralen, (20) Psoralen, (21) 8-methoxypsoralen, (22) Curcumin, (23) Resveratrol, (24) gallic acid, (25) Betulinic acid, (26) Andrographolide, (27) artesunate, (28) 3β,6β,16β-Trihydroxylup-20. (29)-ene (29) Celastrol, (30) Indirubin, (31) Oxymatrine, (32) Capsaicin, (33) Cannabinoids, (34) Rutaecarpine, (35) Acridones, (36) Diosgenin, (37) Periplogenin, (38) Salicylic acid, (39) Gambogic acid.
ANTI-PSORIASIS EFFECTS OF NATURAL PRODUCTS BASED NOVEL DRUG DELIVERY SYSTEMS
In psoriatic lesions, the decreased amounts of ceramides in the skin and the impaired skin barrier function contribute to the abnormal permeability and the poor hydration capacity. Hence, effective drugs for psoriasis should exhibit desirable permeability and a good water holding capacity. Substantial therapeutic efficacy for psoriasis was exhibited by topical dosage forms of natural products for psoriasis, including gels, ointments, tinctures, emulsions, and liniments. Despite the great therapeutic efficiency of natural products, their application is limited by the poor permeability and lack of targeted enrichment into the dermis and epidermis. Therefore, novel drug delivery systems should be developed to enhance the skin permeability and targeting function of natural products and, consequently, to improve their therapeutic effects.
Overall, the following three conditions for psoriasis need to be satisfied. 1) The basic carrier should possess hydration power. 2) Novel drug delivery systems, such as liposomes, liposphere nanostructured lipid carriers, niosomes, nanoemulsions, nanospheres, microneedles, ethosomes, nanocrystals, and foams, can effectively improve the permeability of drugs and increase drug content in skin, thus interacting with inflammatory cells to improve efficacy. 3) The novel drug delivery systems should exhibit some targeting ability toward the dermis, epidermis, or hair follicle to interact with specific inflammatory cells or cytokines; this approach will limit the amount of the drug that goes into the systemic circulation and maximize the amount locally concentrated on the skin. The advantages/disadvantages of nanoformulation for the treatment of psoriasis are shown in Table 5.
TABLE 5 | Nanoformulation-based natural products for the treatment of psoriasis.
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Liposomes
Liposomes are vesicular nanosystems with discrete aqueous space that enclosed by one or more concentric lipid bilayers. Liposomes can interact with epidermal keratinocytes and lipids, which leads to the enhancement of drug retention in the skin. PUVA is commonly applied for the clinical management of severe, recalcitrant psoriasis. However, the poor skin deposition and weak skin permeability of psoralen hinder its therapeutic effect in psoriasis. Therefore, Doppalapudi et al. (Doppalapudi et al., 2017) developed psoralen-loaded liposomal nanocarriers via the thin film hydration method, which bind this nanocarrier with gels to improve its skin adhesion properties and water holding capacity. The psoralen solution was completely retained in the upper SC, whereas the prepared liposomal gels penetrate across the barrier of the SC. As the liposomes interact with the skin, the liposome bilayer structure may mix with intracellular lipids in the SC, which may swell the SC intercellular lipids without transforming the multiple bilayer structure, thereby enhancing permeation (Verma, 2003). The PASI score of psoriasis mice was reduced to 1.5 after psoralen solution treatment, whereas it was reduced to 1 after psoralen liposome gel treatment. Liposome gel showed stronger efficacy, which may be due to the enhancement of the permeability, which allows the drug to reach the dermis of psoriasis skin to reduce the chemotactic activity of inflammatory cells (mononuclear and neutrophils) and the expression of inflammatory factors (such as IL-17 and IL-22) (Ternowitz, 1987).
Ethosomes
Ethosomes are flexible vesicles that are composed of phospholipids, water, and ethanol (usually about 20–50% of ethanol content) (Chacko et al., 2020). Ethosomes target deeper skin layers, with less initial skin deposition but greater long-term deposition when compared with traditional liposomes (Zhang et al., 2014b). This may be because the ethanol in the ethosomes can bind to the polar functional group of lecithin molecules of skin and reduce the melting point of lipids in the SC, thus increasing the lipid fluidity and cell membrane permeability. Additionally, the excellent flexibility and deformability of the ethosomes may account for their ability to squeeze across skin channels that are smaller than the vesicle diameter (Zhang et al., 2014c).
Ethosomes and liposomes were prepared for the transdermal delivery of psoralen and were evaluated for permeability and safety (Zhang et al., 2014a). The psoralen transdermal flux and skin deposition of ethosomes were respectively 3.50 and 2.15 times higher than those of liposomes. However, ethosomes on deep skin were less safe than liposomes but safer than ethanol solution. Unlike psoriasis vulgaris, purulent psoriasis is characterized by excessive infiltration of inflammatory cells into the dermis, where neutrophil protease can also activate IL-36, leading to hyperkeratosis, the thickening of the epidermis, mixed inflammatory cell infiltration, and the elevated expression of the chemokines (CCL2, CXCL6, CCL7, and CXCL2) (Johnston et al., 2016). Therefore, encapsulating drugs in ethosomes to mediate inflammatory cells in the dermis may treat pustular.
Niosomes
Niosomes are synthetic bilayer vesicles constituted by non-ionic surfactants and are structurally similar to liposomes (Chen et al., 2019). They seem to show great potential in transdermal delivery due to increasing the residence time of drugs in the SC and epidermis, thereby increasing local concentrations of drugs and reducing systemic absorption (Sinico and Fadda, 2009).
Celastrol, a triterpenoid extracted from Tripterygium, has significant anti-psoriasis activity. However, its poor water solubility and low permeability hinder its application in psoriasis. Meng et al. (Meng et al., 2019) developed celastrol niosome using the thin film hydration method and probe sonication for psoriasis treatment. The niosome comprised Span 20, Span 60, and cholesterol (weight ratio, 3:1:1) with an average particle size of 147 nm. Moreover, hydrogel was added as a basic carrier to prolong the residence time of the topical drug on the skin and maintain SC hydration. The in vitro permeation study showed the drug content of celastrol niosome hydrogels in the skin was approximately 13-fold higher than that of celastrol hydrogels. Compared with hydrogel alone, hydrogel based on celastrol niosomes had lower PASI scores and fewer white scales and erythema in psoriasis lesions. This could be partially because niosomes can enhance the fluidity of lipid and bind to keratin filaments, thereby improving the permeability and content of celastrol in the skin. The celastrol might inhibit the proliferation of keratinocytes and decrease the levels of inflammatory cytokines (IL-2, IL-1, IL-22, and IFN-γ), thereby reducing the production of chemokines and the aggregation of inflammatory cells in the epidermis.
Lipospheres
Lipospheres are lipid-based self-assembled systems composed of an aquaphobic, solid, lipid core coated by a layer of phospholipid molecules. Lipospheres can permeate in deeper skin, release slowly, and show good skin compatibility.
Thymoquinone showed good anti-psoriatic activity, although its clinical application is hampered by its hydrophobicity, poor water solubility, pH, and light-sensitive nature. Therefore, Jain et al. (Jain et al., 2017) prepared liposphere-loading thymoquinone with a particle size of 70 nm for the topical treatment of psoriasis. The in vitro drug release study showed that thymoquinone liposphere exhibited a sustained release profile for 24 h, whereas the thymoquinone solution reached release equilibrium after 6 h. The dermal distribution showed that the drug content in the epidermis and dermis was higher with thymoquinone liposphere than thymoquinone solution, whereas the PASI score was lower for thymoquinone liposphere than for thymoquinone solution. The treatment of the liposphere exerted better efficiency than the solution in reducing the expression levels of IL-17 and TNF-α. This could be explained by the fact that the liposphere, as a drug delivery system, provides a lipid environment for the drug with a small particle size, thus improving the solubility of thymoquinone and allowing it to enter the dermis through the SC barrier. Recently presented data indicate the existence of T cells that secrete IL-17 and IL-22 in the dermis. Therefore, thymoquinone lipospheres may reduce the expression of IL-17 and IL-22 in the dermis, thus reducing the proliferation and differentiation of keratinocytes and the secretion of cytokines and chemokines, which then inhibit the immune cells that produce IL-17 and IL-22, thus forming an immune cycle.
Moreover, the liposphere is usually combined with a gel to further improve adhesion and hydration. Tacrolimus is a commonly used immunosuppressive drug that treats psoriasis by inhibiting calcineurin, whereas curcumin has multiple potential targets in treating psoriasis. Hence, Jain et al. (Jain et al., 2016) combined tacrolimus and curcumin into a loaded liposphere gel to treat psoriasis through different mechanisms for an improved therapeutic effect. On the sixth day after the treatment, the erythema, scaling, and skin thickening of skin lesions can be significantly improved. The expression of TNF-α, IL-17, and IL-22 was reduced by the use of liposphere gel. This may be because the liposphere increased the permeability of the drug, allowing it to enter the SC and, thus, exert an anti-psoriasis effect.
Solid Lipid Nanoparticles and Nanostructured Lipid Carriers
Solid lipid nanoparticles (SLNs) are nanocarriers composed of biodegradable lipid materials. Nanostructured lipid carriers (NLCs) are the second generation of lipid nanoparticles, which are designed to overcome the drug leakage problems of SLNs, improving their physical stability. Moreover, a monolayer film may form after NLC application, thus avoiding water loss from the epidermis and increasing skin hydration. Thus, NLCs exhibit an advantage in the treatment of psoriasis.
Capsaicin, an important alkaloid from chili peppers, exerts significant inflammatory effects and has good potential for the treatment of psoriasis. However, topical application of capsaicin may cause adverse effects, including stinging, burning, and tingling, which limit their use in psoriasis treatment. Agrawal et al. (Agrawal et al., 2015) prepared capsaicin SLNs and NLCs via a solvent diffusion method. The prepared SLNs and NLCs exhibited average particle sizes of 182.5 and 145.3 nm, respectively. Compared with the blank capsaicin solution and SLNs, NLCs had better skin permeation and skin retention. This result may be explained by the fact that NLCs have a higher loading capacity, lower water content, smaller particle size, and greater lipophilicity, which enhance the occlusive effect and the tightness of junctions between the drug and SC. Fang et al. (Fang et al., 2008) also prepared NLCs and SLNs for the topical delivery of psoriasis. A similar conclusion was drawn: compared with SLNs, NLCs have better drug permeability. Therefore, compared with SLNs, NLCs are the better selection for transdermal delivery of natural products for the treatment of psoriasis.
Nanoemulsions
Nanoemulsions are thermodynamically unstable systems stabilized by an interfacial layer of surfactant and cosurfactant. The elastic properties and fluid performance of nanoemulsions may contribute to their better permeability through SC.
Curcumin, a natural product isolated from plants, has good potential in the treatment of psoriasis. However, its poor solubility and skin permeability are a major obstacle in the treatment of psoriasis. For the topical treatment of psoriasis, Algahtani et al. (Algahtani et al., 2020) formulated curcumin nanoemulsion with a particle size of 10.57 nm using a low-energy emulsification method. Moreover, the prepared nanoemulsion was combined with polymeric hydrogel using carbopol 934 as a gelling agent to hydrate the SC and improve the ductility of curcumin. Using nanoemulsion gel, the amount of the drug deposited in the skin and the cumulative amount of the drug that permeated were respectively almost 7 and 5 times those of curcumin gel. As the drug is negatively charged and has a small particle size, the permeability of the drug can be enhanced (Baspinar and Borchert, 2012). Therefore, negatively charged curcumin nanoemulsion with a particle size of 10.57 nm can also improve the permeability of drugs in the skin (Khurana et al., 2013). Compared with curcumin gel and betamethasone-17-valerate gel, treatment with curcumin gel in IMQ-induced psoriasis mice led to more improvement in psoriatic signs after 4 days. This may be because curcumin-loaded nanoemulsions can penetrate across the epidermal basement membrane and inhibit the expression of inflammatory factors, thereby inhibiting keratinocyte proliferation.
Paclitaxel is effective in the treatment of psoriasis. However, paclitaxel is a macromolecular drug with strong lipid solubility, poor water solubility, and poor permeability, which hamper its clinical adoption. Nanoemulsions are proper carriers that can deliver paclitaxel into and across the skin because of their interaction with SC. Additionally, because of its lipid solubility and macromolecular characteristics, paclitaxel nanoemulsion may be capable of localizing in deeper skin layers without entering systemic circulation through the dermis, thus reducing the systemic escape. The oral paclitaxel bioavailability was over 70% after the administration of paclitaxel-loaded nanoemulsion (Pandey et al., 2020). Erythrodermic psoriasis is a severe type of psoriasis with systemic symptoms (fever, chills, and headache), with skin lesions covering the whole body. To improve efficacy by inhibiting epidermal proliferation and because of its anti-inflammatory capabilities, paclitaxel nanoemulsion combined with oral administration can be considered for the treatment of erythrodermic psoriasis.
Nanospheres
Nanospheres may be defined as a matrix system in which a drug is dissolved, encapsulated, and chemically bound or adsorbed in a polymer matrix (Letchford and Burt, 2007). Nanospheres have unique potential in the treatment of skin diseases, especially the appearance of tyrosine-derived nanospheres, because of their low critical aggregation concentration and ability to target hair follicles (Sheihet et al., 2008; Batheja et al., 2011).
Kilfoyle et al. (Kilfoyle et al., 2012) developed tyrosine-derived nanospheres of paclitaxel to allow skin drug localization. The paclitaxel solubility of TyroSpheres was about 4000-fold more than that of phosphate-buffered saline solution. Moreover, the paclitaxel of TyroSpheres demonstrated a sustained, dose-controlled release for more than 72 h when mimicking skin permeation conditions. The TyroSpheres were mainly distributed in the epidermis and were found less in the dermis. This discrepancy could be attributed to the richness of lipids in the SC, as the macromolecular compound of paclitaxel may stay in the SC and slowly penetrate the lower, viable epidermis. Therefore, paclitaxel TyroSpheres may mainly concentrate in the basal layer of psoriatic skin and may inhibit the keratinocyte hyperproliferation in psoriatic skin lesions.
Foams
Foams are defined as colloidal solutions, where gas is dispersed in a liquid, solid, or gelled matrix. Compared with traditional formulations (such as ointments, creams, lotions, gels, and solutions), foams show distinct advantages as novel topical carriers due to their low irritancy potential, uniform spreading, lack of residual oil, and non-stickiness. Recently, foams have shown potential in the treatment of psoriasis. The properties of foams allow a drug to be quickly broken down on the scalp and get into the SC through the roots of the hair, which is suitable for treating scalp psoriasis (Franz et al., 1999; Feldman et al., 2000; Feldman et al., 2001). The rapid evaporation of the foam propellant results in an increase in the surfactant concentration in the remaining foam, thereby increasing the permeability. It can also be considered for topical treatment of psoriasis in natural products, including oxymatrine and capsaicin, both to increase permeability and to reduce irritation (Puig and Carretero, 2019; Velasco et al., 2019; Lebwohl et al., 2020). The potential penetration routes of novel drug delivery system is shown in Figure 4.
[image: Figure 4]FIGURE 4 | The potential penetration routes of novel drug delivery systems. a: liposomes, b: nanostructured lipid carriers, c: niosomes, d: nanoemulsions, e: microneedles, f: ethosomes, j: nanocrystals, h: foams.
Improve the Targeting Ability
Modified Ethosomes
When ethosomes are conjugated with ligands, their targeting ability can be effectively improved. For example, HA is the natural ligand of CD44 protein (a highly expressed protein in psoriatic skin). Hence, HA can be combined with ethosomes to target CD44 protein for psoriasis (Lindqvist et al., 2012). Zhang et al. (Zhang et al., 2019) prepared curcumin ethosomes modified with HA for the targeted treatment of psoriasis. Compared with plain ethosomes and propylene glycol solution, applying HA ethosomes as delivery vehicles led to significant enhancements in the cumulative transdermal amount of curcumin and the amount retained in the skin. Two lines of evidence offer possible explanations. On the one hand, HA shows a dense, three-dimensional network structure, improving water absorption and moisture preservation and thus increasing the hydration of the SC and improving the drug permeability. On the other hand, the specific binding of HA to CD44 in the skin may lead to the enhancement of drug retention in the skin. The curcumin HA-ES group had the lowest PASI score, and the expression of CCR6, IL-17A, and IL-17F was also decreased.
Curcumin possesses a tremendous therapeutic potential to treat psoriasis, whereas its poor percutaneous penetration restricts its clinical application. Thus, composite phospholipid ethosomes were prepared by Li et al. (Li et al., 2020) to improve the permeability of curcumin. The mixture of unsaturated phosphatidylcholine and saturated hydrogenated phosphatidylcholine (1:1) was used as a composite phospholipid carrier to improve the stability of an unsaturated phospholipin. The permeability of curcumin in composite phospholipid ethosomes was significantly higher than that of free curcumin. The fluorescence microscopy imaging results showed that phospholipid ethosomes could effectively deliver curcumin to the deeper layers of the skin. Moreover, after the application of phospholipid ethosomes, the curcumin could be observed in the hair follicles, especially hair roots. This suggests that the hair follicle pathway is one of the percutaneous pathways of curcumin-composite phospholipid ethosomes. Ethosome-encapsulated curcumin provides the opportunity to treat scalp psoriasis by targeting hair follicles, thereby reducing the aggregation of T cells, macrophages, and neutrophil inflammatory cells in hair follicles.
Microneedles
Microneedles are Biomedical Micro-Devices composed of arrays of fine needles, which can painlessly puncture the skin by avoiding the stimulation of nerve endings. Microneedles can effectively deliver a drug across the SC and show promising activity for further application in psoriasis (Gujjar et al., 2015; Tekko et al., 2020). Paleco et al. (Paleco et al., 2014) prepared lipid microparticles of quercetin to improve its stability and solubility and then combined them with microneedles to further improve permeability. The permeability of free quercetin in the skin applied with microneedles was not significantly improved. Although the application of microneedles provides an effective route for percutaneous penetration by disrupting the skin barrier, the permeability is hampered by quercetin’s poor solubility. However, the permeability is greatly improved by the combination of microneedles and lipid microparticles. Compared with untreated skin, the lipid microparticles localized in the SC and viable epidermis increased by 2 and 5 times, respectively, after treatment with microneedles. This can be explained by the fact that the microparticles can penetrate into the epidermal area through microconduits produced by the microneedles, but do not spread beyond the epidermis to the deeper layers of skin. These results indicate that the combination of quercetin lipid particles and microneedles has a certain targeting effect on the epidermis. Therefore, quercetin combined with microneedles can be applied to treat psoriasis by reducing the expression of IL-17 and TNF-α (Chen et al., 2017a), thus reducing the infiltration of inflammatory cells in the epidermis. For poorly soluble drugs, microneedles should be combined with nanocarriers, such as liposomes, ethosomes, nanoparticles, or nanoemulsions, to achieve better therapeutic effects. Recently, microneedle-based electrochemical devices have been widely applied to sense biomarkers in the skin tissue fluid (Madden et al., 2020a). Therefore, the combination of microneedles and particular electrochemical devices can be designed to sense inflammatory factors or cells, consequently achieving an accurate diagnosis of the disease location.
Nanocrystals
Nanocrystals typically consist of pure drugs and stabilizers, creating a carrier-free nanoparticle system. Nanocrystals have the advantage of high drug loading, as well as a prolonged adhesion time. Percutaneous therapy of nanocrystals could be expected to achieve an anti-psoriasis effect by targeting hair follicles. Pelikh et al. (Pelikh et al., 2020) prepared curcumin nanocrystals by a bead milling method to target hair follicles. The enhanced permeability could be due to the prepared curcumin nanocrystals penetrating the hair follicle at a mean depth of 271 μm, close to the lower part of the infundibulum of the hair follicles, where the SC is relatively weak. In this area, the drug absorption is efficient, which means the dissolved drug substances can passively spread to deeper layers of the skin and thus continue to flow into the viable dermis. On the one hand, the high drug loading of nanocrystals can lead to more drugs reaching the hair follicles. On the other hand, nanocrystals can serve as a depot, where the drug can remain in the hair follicles for days or weeks and result in long-lasting drug delivery. Therefore, by targeting hair follicles, curcumin nanocrystals can be considered for the treatment of scalp psoriasis. Other nanoformulation-based natural products for the treatment of psoriasis are shown in Table 6.
TABLE 6 | The advantages/disadvantages of nanoformulation for the treatment of psoriasis.
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Natural products have obvious advantages in the treatment of psoriasis, especially since the combination of novel drug delivery systems and natural products provide a potentially effective therapeutic strategy for psoriasis. However, some problems are remaining. The major factor leading to debate is safety issues. In psoriatic lesions, the drug absorption pathway, skin accumulation, and systemic circulation have been significantly changed compared with normal skin. The delivery capacity, efficacy, and safety of a novel drug delivery system should be considered comprehensively to achieve a better therapeutic effect. Until now, most of the natural product for psoriasis is single natural product, which can not achieve optimal therapeutic. Hence, when the condition is more complex, such as moderate or severe psoriasis, natural product can exert synergistic effect with other biologic agents but the joint mechanisms of action need to be carried out systematically. Additionally, the limitations of novel drug delivery systems, including low drug loading, physicochemical properties and stability, encapsulation efficiency and industrial production challenge, have hindered the application in clinical trials. Therefore, further studies should focus more attention on these factors to guide their effective therapy for psoriasis. As for the current treatment of psoriasis with natural products combined with novel drug delivery systems, available data on their clinical effectiveness are limited because of most studies being at the preclinical research stage with a single-animal model. Moreover, the existing treatments are mainly for mild or moderate psoriasis rather than for severe psoriasis. The era of precision medicine sets a higher requirement for the treatment of psoriasis. Perhaps the future management of psoriasis can advance in the direction of targeted therapy and precision medicine by targeting specific cells or genes.
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ABBREVIATIONS
 cfDNA, cell-free DNA; DC, dendritic cells; CCL2, chemokine ligand 2; DMSO, dimethyl sulfoxide; IFN, interferon; IL, interleukin; JAK/STAT, Janus kinase–signal transducers and activators of transcription; LPS, lipopolysaccharide; MAPK, mitogen-activated protein kinase; MDC, myeloid dendritic cell; mRNA, messenger RNA; NET, neutrophil extracellular trap; NF-κB, nuclear transcription factor κB; NLC, nanostructured lipid carriers; pDC, plasma cell-like dendritic cell; PUVA, psoralen ultraviolet A; SLN, solid lipid nanoparticles; SP, substance-P; STAT, signal transducers and activators of transcription; SC, stratum corneum; TNF, tumor necrosis factor; TLR, toll-like receptor; UVA, ultraviolet A; VEGF, vascular endothelial growth factor.
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Cell cultures are used in pharmaceutical, medical and biological sciences. Due to the ethical and cost limitations of in vivo models, the replaceable cell model that is more closely related to the characteristics of organisms, which has broad prospects and can be used for high-throughput drug screening is urgent. Neuronal and glial cell models have been widely used in the researches of neurological disorders. And the current researches on neuroinflammation contributes to blood-brain barrier (BBB) damage. In this review, we describe the features of healthy and inflamed BBB and summarize the main immortalized cell lines of the central nervous system (PC12, SH-SY5Y, BV2, HA, and HBMEC et al.) and their use in the anti-inflammatory potential of neurological disorders. Especially, different co-culture models of neuroinflammatory, in association with immune cells in both 2D and 3D models are discussed in this review. In summary, 2D co-culture is easily practicable and economical but cannot fully reproduce the microenvironment in vivo. While 3D models called organs-on-chips or biochips are the most recent and very promising approach, which made possible by bioengineering and biotechnological improvements and more accurately mimic the BBB microenvironment.
Keywords: neuroinflammation, blood brain barrier, glial cell, co-culture, neurological disorders
INTRODUCTION
The in vivo experiment is an essential step in drug development, which helps to detect the drug efficacy, the development value, and the targeted therapeutic agents in the treatment of diseases. However, in the studies of neurological disorders, in vivo models, such as the APP/PS1 transgenic AD model, experimental ischemic stroke model [middle cerebral artery occlusion (MCAO)] or MPTP effect in the treatment of PD model and smoothly into clinical trials of new chemical entities (NCEs), are few successful. This may due to the differences in biology, complex brain structure, metabolism, and signal transduction cascade reaction of pathogenesis between the human body and experimental animals. In 3- dimensions (3D) cell culture.
In the past few decades, the neuron and glial cell models provided many valuable research tools for neurological disorders. In recent years, neuroinflammation is a hot spot in the research of neurological disorders, which also makes people focus on the activation and inflammatory response of astrocytes and microglia. The double-edged sword role of glia and its driving role in neurodegenerative diseases has been evoked an intense debate. Compared with other central nervous systems (CNS) resident cells, glial cells have the largest number and the widest distribution, in that some of them participate in innate immunity. They help monitor the physiological environment and act as the first line of defense when the central nervous system is under attack. Glial cells play different roles in different backgrounds of neuroinflammatory diseases. Different glial cells coordinate and interact with neurons and other brain cells to maintain homeostasis and shape a unique immune response to the CNS. To understand the pathophysiological mechanisms underlying neurodegenerative disease and establish a high throughput screening (HTS) model of drugs for nervous system diseases, it is imminent to have appropriate models for in vitro studies with neuroinflammation.
Clinical and experimental researches have shown that blood-brain-barrier (BBB) dysfunction is an early marker of a variety of neurological disorders, including inflammatory autoimmunity, traumatic diseases, neurodegenerative diseases, epilepsy, and stroke. BBB is actively involved in inflammatory events, and various inflammatory stimuli have been shown to affect BBB function in several aspects (Sonar and Lal, 2018). Secondly, due to the existence of the BBB, the CNS has an immune advantage. The traditional view is that neuroimmunology is a protective response mechanism to the brain, but excessive neuroinflammation during the development of the disease may lead to harmful effects, in which the change of BBB permeability is the first step of the occurrence of the disease (Hendriksen et al., 2017). The neuroinflammatory response is characterized by activation of microglia and astrocytes, infiltration of peripheral white blood cells, and release of pro-inflammatory mediators, which exacerbate the destruction of the blood-brain barrier, further amplifying the inflammatory response and aggravating neuronal damage, thus forming a vicious cycle (Zhu et al., 2018). Significant advances have been made in the regulation of BBB function in homeostasis and neuroinflammation, in that this review focuses on the cellular model that simulates BBB in neurological disorders.
BBB is an essential immune part of the CNS, it composites of different types of endothelial cells and immune cells, and the simplex cell is inappropriate to uncover the complex system, so scientists invented cell co-cultured. Traditional cell culture methods usually exist in 2-dimensional (2D) form, with cells laid flat on the surface of the plastic culture, making it easy to grow, but lacking the role of extracellular matrix (ECM), all cells are free to contact with nutrients. In 3- dimensions (3D) cell culture, cells grow in the ECM that they produce, so the nutrients and oxygen they are exposed to are more similar to the environment in vivo. When they grow in 3D, the cell morphology and growth characteristics are more consistent with normal brains. The generated ECM can improve the signal transduction between cells and form an interaction network between cells more similar to the in vivo environment (Korhonen et al., 2018). Although modeling in 3D culture can better simulate the environment in vivo and improve the replication of the model of neurological disease in vitro, 3D modeling also has many challenges. For example, in the nervous system, cells in different brain regions may contain the same cell types, but different proportions of cells may perform completely different functions, and 3D modeling still cannot solve the problem of cell proportions. Another example is that most of the existing detection equipment and technology are supporting 2D models, which cannot be directly applied to 3D models. The superiority of the 3D cell model has been gradually recognized, it will be the focus of the CNS disease and drug research field. At present, the in vitro 2D cell model is still used widely in most drug development. With the progress of technology, the use of a 3D model to rebuild the body cells in vitro microenvironment application is an irresistible trend.
Improved in vitro models allows the study of molecular mechanisms to be carried out in a simple and reproducible manner. This review provides an overview of the wide application of cell culture in many different fields, the 2D and 3D neuroinflammatory cell models, and their potential applications in nervous system diseases, which have great application value in the high-throughput screening of drugs for the nervous system diseases.
FEATURES OF HEALTHY AND INFLAMED BLOOD-BRAIN BARRIER
In both health and disease, the BBB acts as a mediator between the periphery and the CNS (Daneman and Prat, 2015). Peripheral immune cells pass through the BBB to enter the brain parenchyma to clear microorganisms or cell debris, and abnormal cell transport functions of the cerebrovascular system may lead to the development or aggravation of neurological disorders. The cells that make up the BBB can communicate strongly with each other, which include endothelial cells, pericytes, astrocyte podocytes connecting the endothelium and pericytes, and supplementary cells such as microglia, neurons, interneurons, white blood cells, and oligodendrocytes (Jackson et al., 2019). Under physiological conditions, the BBB has a three-layer defense system. The first layer is endothelial cells, forming the blood vessels to provide scaffolds for connecting adhesion molecules to ECM (Ayloo and Gu, 2019). The last defense line is astrocytes, especially the extended end-feet surrounding ECM and pericytes, against harmful proteins and molecules. They regulate brain blood flow, neuron function, and the formation of tight connections (Langen et al., 2019). Pericytes are inserted in the basement membrane of capillary endothelial cells between astrocytes and ECM, form the scaffold of endothelial cells, and sends paracrine messages through direct contact with endothelial cells (Edwards and Bix, 2019).
CNS ischemia or mechanical damage, such as spinal cord injury (SCI), traumatic brain injury (TBI), or ischemic stroke, and is often accompanied by inflammation, and chronic neuroinflammation also occurs in neurodegenerative diseases. Under continuous inflammatory stimulation or inherent diseases (as aging and genetic defects), CNS cannot maintain a steady-state, which exacerbates chronic neuroinflammation. In the process of inflammation and disease progression, reactive glial cells secrete a large number of pro-inflammatory mediators and participate in the opening of the BBB, leading to changes in the permeability of the BBB and infiltration of peripheral blood immune cells (Yang and Zhou, 2019). Deconstruction of pericytes and glial cells around capillary endothelium affects vascular permeability and is involved in neuroinflammation. The capillary BBB and the outer compartment, pericytes, and astrocytes coexist to maintain the functional characteristics of the BBB. This unique anatomical structure allows pericytes to communicate with endothelial cells and glial cells including astrocytes and microglia (Giannoni et al., 2018). In vivo studies have shown that pericytes modification and response are closely associated with inflammatory changes in CNS lesions, including ischemic stroke (Fernández-Klett et al., 2013), Alzheimer’s disease (Giannoni et al., 2016; Love and Miners, 2016), epilepticus (Milesi et al., 2014; Klement et al., 2019), TBI (Choi et al., 2016), and peripheral CNS diseases such as SCI (Göritz et al., 2011).
Cerebral edema accompanied by neuroinflammatory lesions is also the most typical lesion of CNS inflammation. In the case of ischemic stroke, inflammation first damages the tight connections of the brain, leading to the free movement of molecules in the endothelial cells (Krueger et al., 2015) and a loss of endothelial integrity (Krueger et al., 2013). The role of endothelial cells in BBB permeability 24 h after stroke has been demonstrated. Subsequently, astrocyte swelling and pericyte contraction, and capillary diameter reduction occur. This acute mechanism after ischemia leads to astrocyte death, exacerbation of cytotoxic edema, and BBB dysfunction (Edwards and Bix, 2019).
In the modeling of the BBB, endothelial cells, pericytes and astrocytes are often used to simulate a complete barrier. Considering the number of all these cells and the related proteins they express, as well as the interactions between cells, creating an optimal static or dynamic BBB model system is challenging (Jackson et al., 2019).
SINGLE-CELL MODEL OF NEUROLOGICAL DISORDERS
Over the past few decades, BBB models have been constructed in vitro using primary and immortalized cell lines from several species, including mice, rats, pigs, cattle, and humans. Although the primary cells have significant physiological relevance to the body, the separation is laborious and time-consuming. And for basic scientists without fixed clinical collaborators, the sources of healthy human tissues are very limited. Besides, the primary cells of other species also have the problem of interspecific differences. Therefore, commercial immortals, which are simple and easily purchased, occupy a certain position in the research field, such as cell lines simulating neurons: rodents (PC12), humans (SH-SY5Y), rodent endothelial cell lines (bEnd.3 and TR-BBB), human brain endothelial cell line (HBMEC), BV2 microglia cell line and HA astrocytes cell line. In recent years, human-derived induced pluripotent stem cells (iPSC) can differentiate into endothelial cells, glial cells, and other different cells to simulate in vitro BBB modeling (Jackson et al., 2019). Cell culture technology has increased the reproducibility of research on diseases of the nervous system, cell experiment before clinical trials to minimize the body is the purpose of the experiment, has become an important tool of pharmacology and toxicology study.
Main Intestinal Cell Lines
PC12 Cell Lines
PC12 belongs to the adrenal phaeochromocytoma cell line, was isolated from an adrenal medulla tumor (Greene and Tischler, 1976). Like other adrenal pheochromocytes, PC12 cells synthesize and store dopamine (DA) and sometimes norepinephrine (NA) (Westerink and Ewing, 2008). Nerve growth factor (NGF) can induce PC12 cells to differentiate into a morphology similar to primary sympathetic neurons, and its phenotype is similar to that of mature sympathetic neurons (Westerink and Ewing, 2008). The PC12 cell line is widely used for neurobiological and neurochemical research, including studies on neurotoxicity (Tang et al., 2019), neuroprotection (Lee et al., 2018), neurosecretion (Barlow et al., 2018), neuroinflammation (Yin Z. et al., 2020), synaptogenesis (Wiatrak et al., 2020), and as a principal dopaminergic model in molecular neuroscience (Vaudry et al., 2002). In addition to studying various aspects of neuronal phenotypes as differentiated neuron-like cells, PC12 is also an excellent in vitro tool for studying the pathogenesis and progression of various neurological disorders, such as glutamate excitotoxicity (Kritis et al., 2015), Parkinson disease (PD) (Loeffler et al., 2016), AD (Ştefănescu et al., 2019), epilepsy (Thiel et al., 2015), and ischemia (Lahiani et al., 2018). However, because it is a rat-derived cell line and needs to be induced by neurotrophic factors to differentiate into a neuron-like morphology, it is different from the neurons in the body, so it often compares with other cell lines when selecting it as a research object (For example, SH-SY5Y (Wan et al., 2019)) or the primary neuron together corroborated.
SH-SY5Y Cell Lines
Neuroblastoma SH-SY5Y cell line is an immortal cell line widely used in in vitro models of neurological disorders. The subline of the SK-N-SH cell line, which was established from a 4-year-old female bone marrow aspiration biopsy (Biedler et al., 1978). SH-SY5Y has been widely used as a research object of PD because it has a mechanism to synthesize DA (activate dopamine-β-hydroxylase) and NA (Xicoy et al., 2017). But not limited to this, it is also widely used in other areas of neurological disorders, including AD (de Medeiros et al., 2019), neurotoxicity (Wang et al., 2019), glutamate excitotoxicity (Vucicevic et al., 2020), ischemia (Cui et al., 2020) or amyotrophic lateral sclerosis (ALS) (Giannini et al., 2020) and other diseases. However, SH-SY5Y retains the characteristics of cancer including the instability of the proliferation, differentiation, and metabolism because it is isolated from neuroblastoma derivatives. Therefore, it is necessary to specify the source of the cells, in that the differences between cells may be due to epigenetic characteristics that can explain these differences, to select a suitable in vitro experimental model (Xicoy et al., 2017).
N2a Cell Lines
The Neuro-2a (N2a) cell line, derived from a mouse brain neuroblastoma, can be differentiated into neuronal-like cells (Xicoy et al., 2017) which has been largely employed and a well-characterized system to study signal pathways (Chen et al., 2017), secretory events (Gutiérrez-Martín et al., 2011) and neuronal differentiation (Huo et al., 2020). N2a cells increased expression of amyloid precursor protein (APP) and functional ionotropic P2X and metabotropic P2Y receptors (Miras-Portugal et al., 2015). P2X7 receptors are related targets of the P2 receptor family and are abundantly expressed in microglia, astrocytes, and neurons (Sperlágh and Illes, 2014). The other is the P2Y2 receptor, which is mainly involved in the processing and regulation of APP by activating non-amyloidogenic pathways (Erb et al., 2015). As thus, N2a cells are widely used in degenerative diseases of the CNS.
Microglia
Microglia originate from erythromyeloid progenitor cells in the embryonic yolk sac and migrate into the brain to propagate, spread, and ramify (Hammond et al., 2018). Their homeostasis is affected by several factors including transforming growth factor-β (TGF-β) and colony-stimulating factor 1 receptor (CSF1R) (Sarlus and Heneka, 2017). The activation of matrix metalloproteinase (MMPs) may cause BBB injury. In the LPS-induced microglia inflammation model, inhibiting MMP3 and MMP9 can attenuate the expression of pro-inflammatory cytokines and inducible nitric oxide synthase (iNOS) secreted by microglia (Niranjan, 2018). It can also regulate the release of chemokines by up-regulating the expression of MMP-3 (Connolly et al., 2016). The current research on microglia is mostly focused on discussing its double-edged sword function in neurological disorders (such as AD (Sarlus and Heneka, 2017)). The classical theory believes that under appropriate stimulation, classically activated pro-inflammatory cell phenotype (M1) polarization plays a role as the first line of defense in innate immunity, but it usually occurs in the first few hours or days. Plasma cells exist in various activated states in injured tissues. After they are exposed to pro-inflammatory cytokines interferon-γ (IFN-γ), tumor necrosis factor-α (TNF-α), and cell or bacterial fragments, they will polarize to the M1 phenotype. These cells then produce pro-inflammatory cytokines, chemokines, redox molecule (NADPH) oxidase, and express high levels of iNOS to produce NO. Microglia will exhibit M1 responses when exposed to LPS or IFN-γ in many experimental models (Martinez and Gordon, 2014). A similar but sterile M1 response usually occurs in the absence of microorganisms, due to TBI, ischemia, or chemical exposure (Lan et al., 2017; Sen et al., 2020). M2 type macrophages can promote inflammation subsidence through anti-inflammatory factors, thereby inactivating the pro-inflammatory cell phenotype and rebuilding homeostasis. The M2 polarization of microglia is similar to that of peripheral macrophages (Fenn et al., 2012; Ting et al., 2020), producing different IL-4 and IL-mRNA profiles. However, some studies have shown that activation pathways outside the standard M1/M2 polarization paradigm are getting more and more attention, instead of using any typical markers of specific activation states alone. It is becoming increasingly clear that any research that attempts to determine whether microglia are present in different activation or polarization states cannot rely on just one or two markers but needs to examine multiple markers and evaluate morphological tables. Understanding the dynamic regulation function of microglia better will by distinguishing the status of resident and infiltrating macrophages, metabolism, mitochondrial function, etc. (Orihuela et al., 2016). Our views on microglia are changing with new technologies and research findings. The concept of M1/M2 is mainly applicable to the inflammation when macrophages are derived from infiltrating monocytes in diseased tissue reaction. The morphology of microglia in the non-diseased brain showed fine, radially directed branches to a small ellipsoid. In diseased tissues, microglia behave completely differently, the cell volume increases, shortens, and the protrusions decrease, sometimes showing a clear phagocytic appearance, which form is designated as the activated state. In the contrast, microglia are designated as the resting state under physiological conditions. Nimmerjahn et al. (Nimmerjahn et al., 2005) explained the limitations of this M1/M2 framework to microglia came from two-photon imaging, they found that microglia are very active in a presumed resting state and constantly observe their microenvironment. Besides, the destruction of the BBB triggers immediate and local activation of microglia, transforming their behavior from patrolling to protecting the injured site. Using flow cytometry and deep RNA sequencing technology to analyze spinal microglia the activation situation was studied. The result showed that analysis of microglia in resting-state found 29 genes that distinguish them from other CNS cells and peripheral macrophages/monocytes (Chiu et al., 2013). Single-cell sequencing also revealed significant differences in expression profiles, function, survival, and ultrastructural characteristics between microglia and monocyte-derived macrophages (Yamasaki et al., 2014; Kim et al., 2016). Up to now, the polarization mode of microglia is still under discussion and debate. The function of microglia has been a research hotspot in neurobiology for a long time. Researchers have developed and used a variety of microglia cell lines to study the function of microglia in vitro. Widely used are the neonatal microglia (P1), primary cultured neonatal microglia (P1-P2), microglia cell lines (N9 and BV2), embryonic stem cell microglia (ESDMS) 24, and RAW264.7 macrophages. However, the use of culturing primary microglia is limited with the few numbers of cells obtained and the technology is time-consuming. The two commonly used cell lines produced by the replacement are BV2 and N9 microglia from rats and mice to quickly produce large numbers of cells, respectively.
BV2 cell lines: Blasi’s research group adapted the successfully immortalizing murine macrophages (Blasi et al., 1985) to form the BV2 microglial cells (Blasi et al., 1990). The BV2 cells were expressed 90% positive for microglia cell markers, containing macrophage-1 (MAC-1) and MAC-2, but negative for MAC-3 antigens (Horvath et al., 2008).
N9 cell lines: N9 microglia cells are derived from the mouse brain and have many phenotypic characteristics similar to the primary mouse microglial cells. Hickman’s group conducted some experiments on N9 cell lines, and the results showed that N9 cell lines can clear β-amyloid precipitate (Aβ) and express the regulatory receptors of microglia cells. Also, the expression of scavenger receptor A and CD36 was decreased when N9 was incubated with TNF-α, and Aβ absorption was also decreased, consistent with their results obtained from primary mouse microglia (Hickman et al., 2008). Moreover, this cell line has a similar phagocytic function to primary microglia and expresses inflammatory factors (Vaz et al., 2019). However, because they were genetically modified, their proliferative ability and adhesion increased compared with the primary microglia (Stansley et al., 2012). N9 microglia have also been shown to be similar to BV2, including up-regulation of pro-inflammatory genes and expression of iNOS and inflammatory factors (Fleisher-Berkovich et al., 2010).
However, none of these immortalized cells expressed the characteristics of adult microglia. The primary microglial cells isolated and cultured from newborns were closest to adult microglia cells, and the microglia-specific genes were rarely expressed in microglia cell lines (Butovsky et al., 2014).
Astrocytes
Overcame many difficulties in purifying astrocytes to investigate astrocytes in the early 1980s, such as cells freshly isolated from the brain that always contained a mixture of Microglia and Progenitor cells (McCarthy and de Vellis, 1980). However, subsequent studies have shown that although the serum and other nutrients in the astrocytes isolated by this method are necessary to maintain their physiological functions, such culture conditions may irreversibly alter the transcriptome of astrocytes (Foo et al., 2011). This may make the isolated astrocytes different from the physiological astrocytes in vivo (Allen et al., 2012). These studies suggest that a perfect culture system designed to mimic “normal” astrocytes in vivo may require a combination of several characteristics, including specific nutritional support, the right matrix, and possibly other unknowns. Total transcriptome analysis of sera-free 3D cultures of immune cells may provide a more accurate model for understanding the function of astrocytes in normal, healthy brains (Liddelow and Barres, 2017).
Astrocytes have been shown to exist in two different response states. One is neuroinflammation-induced reactive astrocytes, known as type A1, and the other is ischemia-induced reactive astrocytes, known as type A2. This term is similar to the earlier terms for M1 and M2 macrophages, which describe the polarization of microglia. If A1 and A2 are the only two states of astrocytes, then they may exist with a heterogeneous mix of A1 and A2 present in the body. Transcriptome analysis of reactive astrocytes revealed that A1 neuroinflammatory reactive astrocytes upregulated many previously proven synaptic destructive genes such as complement cascade genes, suggesting that A1 may have deleterious functions. Notably, LPS induction failed to induce A1 type response in microglia-deficient mice (CSF1R knockout), suggesting that microglial activation may be a necessary condition for A1 astrocyte production (Liddelow et al., 2017; Hinkle et al., 2019). In contrast, A2 reactive astrocytes upregulate many factors such as thrombopoietin neurotrophic factors, which promote neuronal survival and growth and promote synaptic repair, in that A2 may have beneficial or restorative functions. Consistent with this, ischemia-induced reactive astrocytes have been shown to promote recovery and repair of the CNS (Gao et al., 2005; Hayakawa et al., 2014). However, these phenomena are not enough to explain the function of astrocytes. For example, what are the substances that induce the intercellular interactions of reactive astrocytes, as well as their mechanisms of action and signaling pathways, are not clear, further research and a more comprehensive understanding of the response pathways of astrocytes are needed (Liddelow and Barres, 2017). In the course of conventional neurologic research, two commonly used cell lines are HA and C8-D1A astrocytes cell lines which are derived from humans and mice, respectively. Both of them are widely used in research SCI (Zhang Z. et al., 2018), BBB simulated in vitro (Booth and Kim, 2012), and ischemic (Chen et al., 2018).
Endothelial Cells
In addition to the above-mentioned neurons and specific immune cells in the brain, another important cell that constitutes the BBB is the endothelial cell. Endothelial cells play a leading role in regulating the brain microenvironment. The endothelium of the brain differs from the endothelium of most other tissues in that the tight connections within the endothelium of the brain are much tighter and more complex. Occludin and Claudins are the transmembrane proteins that make crucial contributions to its tight junction structure. Occludin’s main function is to regulate the tight connections of brain cells. In the mechanism of the BBB, the expression of the proteins Claudin 3, 5, and 12 contributes to the increase of trans-epithelial electrical resistance (TEER). High expression levels of proteins in brain endothelial cells include junction adhesion molecules, linking proteins in the interaction domain of multiple proteins, Calcium-dependent serine protein kinase (CASK), Membrane-associated guanosine kinase with a reverse orientation of the protein interaction domain, and more (Abbott et al., 2006). Transmitters and modulators released by BBB cells allow complex signals to be transmitted between neurovascular unit cells. For example, under normal circumstances, the tight junction of the BBB may open to allow growth factors and antibodies to enter the brain, while inflammation may lead to brain edema. Maintaining endothelial health helps to prevent the development of neurodegeneration. Commonly used brain endothelial cells include b.End3, TR-BBB/TM-BBB, HCMEC/D3, and HBMEC cell lines.
TR-BBB/TM-BBB cell lines: Immortalized brain endothelial cell lines were established from Tg mice (TM-BBB) and Tg rats (TR-BBB). Both of them express endothelial markers and possess Glucose transporter type 1 (GLUT1) and p-glycoprotein, which play a transporter function. The [3H]3-O-Methyl-D-glucose (3-OMG) expression values were very similar to those expressed in endothelial cells in vivo. TM-BBB cells exhibited efflux transport activity against cyclosporin A.TR-BBB cells also expressed multidrug resistant-associated protein 1 (MRP1 (ABCC1)) and L-type/large neutral amino acid transporter 1 (LAT1(SLC7A6)) mRNA (Hosoya et al., 2002).
HCMEC/D3 cell lines: A tumor cell line derived from human temporal lobe microvascular and later immortalized during SV40 large T-antigen transduction. The expression of protein transporters and BBB receptors are commonly used to study the inflammation of brain endothelium, the mechanism of Aβ production, and the permeability of BBB. However, compared with the primary cerebral endothelial cells, this cell line had a lower Teer value, and the expression levels of Occluding and Claudin-5 were not consistent. The function of brain endothelial cells cannot be completely replaced (Dubey et al., 2019).
Human Brain Microvascular Endothelial Cell (HBMEC): HBMEC is derived from hiPSCs or the human brain tissue. HBMEC and BBB cells have many physiological similarities. For example, their expression of claudins, occludins, junctional adhesion proteins, and transporters are all related to BBB. hBMECs are used as an effective in vitro BBB model for brain research, modeling the homeostasis and the changing of the physiology and characteristics (Dubey et al., 2019).
Induced Pluripotent Stem Cells
Induced Pluripotent Stem Cells (iPSCs) are self-renewing cells capable of differentiating into different types of cells, including microglia, astroglia, endothelia, and various neuronal cell lines. iPSCs have broad prospects in human disease modeling in vitro and are effective tools for researchers to study the occurrence and development of diseases and the use of drugs (Haston and Finkbeiner, 2016; Poon et al., 2017). iPSCs can proliferate and differentiate into many different neuron subtypes (Sances et al., 2016; Engle et al., 2018; Real et al., 2018; Chang et al., 2020), astrocytes (Barbar et al., 2020), microglia (Abud et al., 2017), oligodendrocytes (Marton et al., 2019), endothelial cells (Paik et al., 2018) and pericyte (Stebbins et al., 2019), which allows the study of individual cells and their functions and interdependence in the brain. iPSC plays an important role in establishing 3D cell culture models in vitro (Campisi et al., 2018).
2D Co-Culture Model
The original co-culture training means is separate cells culture, but with a cell culture system to stimulate the other cells, to achieve the result of simulation trained, stimulate microglia with neuron culture supernatant, observes the polarization state of the microglia, and vice versa in the cultivation of the microglia supernatant stimulate the nerve cells, observe the activated microglia and the influence of the discharge of neurons. For example, Guo et al. stimulated SH-SY5Y cells by the BV2 culture supernatant, observed microglia activation, and inflammatory cytokines secretion, which can cause apoptosis of neurons and synapses damage (Guo et al., 2019). A more straightforward co-culture model involves growing both cells in the same culture system to mimic the environment in the brain. For example, Shi et al. isolated primary glial cells and neurons from mice for glia-neuron co-culture. They directly plated primary neurons expressing P301S tau on top of the glia (Shi et al., 2017). Simple cell co-culture is only carried out on the rigid plastic surface, and the rigidity of plastic Petri dishes is not consistent with physiology. However, due to its low cost, simple technical method, and high instrument matching degree, it is still a very useful model in the evaluation of drug cytotoxicity, but it cannot adapt to more complex research problems. To improve on simple cell models, the researchers developed 2D co-culture cell models as well. The integrity of the BBB cell model in vitro was enhanced by co-culture of neurons, glial cells, endothelial cells, and/or pericytes. For example, wells filled with semi-permeable membranes are used to assist cell modeling. These cross-holes allow the implantation of brain-derived cells, simulating the closeness and growth distance of cells in the luminal and outside the luminal surfaces of BBB. The most widely used is the Transwell model. Transwell membranes are usually made of polycarbonate or polyethylene terephthalate with pore sizes ranging from 0.4 to 3.0 μm. Cells are seeded in the chamber and on the surface of the chamber and then a series of downstream analyses can be performed (such as TEER). TEER measurements help to assess the integrity of the BBB (Wimmer et al., 2019). Transwell is widely used because it is easier to use, faster to install, and less expensive. They have standardized operating instructions and readout methods and are capable of directly testing 96-well plates. Though transwell can contain a variety of cells to simulate the interaction between cells, it still has some limitations, such as the lack of dynamic interactions between cells. Tanswell celling only allows cell growth over time, at the same time can provide closely observe a functional difference, and there is no fluid flow or cell rearrangement of the assessment (Jackson et al., 2019). The static transwell model lacks fluid shear stress, while the conventional dynamic in vitro BBB model lacks fluid shear stress and can only be simulated in single-cell conditions. To solve the limitation of these two aspects, the researchers have developed a microfluidic blood-brain barrier (mBBB), which can achieve in a dynamic environment to cultivate and can realize cultivate membrane to separate cells, similar to that of the transwell. As early as 2012, Booth and Kim use b.End.3 and C8-D1A jointly developed a microfluidic μBBB chip, which in the dynamic environment and the cultivation of the relatively thin film (10 microns) to simulate BBB (Booth and Kim, 2012). This provides a reference and foundation for the development of a Microfluidic system in the future. Although 2D cell co-culture has many shortcomings, 2D cell culture can still be used for preliminary screening of drug BBB permeability and the study of BBB integrity after systematic treatment. No matter in direct or indirect co-culture mode or BBB simulation by transwell, the results need to be confirmed by a more complex dynamic model.
3D Co-Culture Model
Cell culture is often restricted by detaching from the ECM when simulating the cell environment in the body. More and more evidence prove that the 3D culture system represents a more accurate physiological environment, which is different from the traditional cell culture method. Compared with the 2D co-cultivation method, the 3D can better simulate the way of accurate physiological environment. Among the cell models that simulate the CNS, the BBB model is the most widely studied.
3D Model of the BBB
Co-culture of cells in ECM protein solutions helps to assess the complexity of BBB structure in 3D modeling. ECM provides soft reticular support for neurons, glia, endothelial cells, and pericytes to adapt to their growth, migration, and expansion (Jackson et al., 2019). Besides, ECM also provides a place for interaction between BBB cells. Culturing and observing cell interaction in a 3D matrix help to simulate the close relationship between cells. The close association between cells can be observed in real-time under an electron or optical microscope, or after fixation. Bang et al. developed a 3D BBB platform that separates the cell types in a single device by independently providing different types of media (Bang et al., 2017). One vascular channel (VC) connects to the lumen of the vascular network, and the other neural channel (NC) provides mediators for nerve cells. This allows astrocytes to be in direct contact with endothelial cells while being spatially separated and simulates BBB’s perivascular network morphology and synaptic structural characteristics, which is useful in screening for brain-targeted drugs in neurodegenerative diseases. However, a major limitation of the earliest 3D modeling systems was the inability to determine the functional integrity of the cell or BBB using TEER or dye permeability methods. Furthermore, despite structural integrity, the model is generally unable to assess the perfusion mechanics between endothelium-pericytes suspended in an ECM scaffold (Jackson et al., 2019). Previous studies reported in vitro neurovascular unit (NVU) models to investigate BBB functions using Transwell or microfluidic devices. Uwamori et al. introduced a 3D culture model on a microfluidic platform that allows the 3D culture of human neural stem cells (NSC), HBMEC, and human mesenchymal stem cells (MSC) for the construction of neurovascular tissue (Uwamori et al., 2017). They constructed in neurons and capillary neural vascular tissue, and then build the structure of 3D NVU: cell culture in the fibrin, matrix, and hyaluronic acid composition of ECM in the hydrogel, and on microfluidic platform induction of neurogenesis and angiogenesis in the process of cultivating the NSC and BMEC, compared with the traditional configuration (such as Transwell systems) microfluidic system has obvious advantages, can be used to study via the interaction between brain cells and brain function research, but also can be used as a treatment strategy of a drug screening study. These microfluidic devices dynamically assess BBB integrity, permeability, and cell invasiveness by real-time measurement of TEER, dye permeability, and fluorescent cell imaging (Sivandzade and Cucullo, 2018). When iPSC-derived neurons, astrocytes, endothelial cells, and pericytes are co-cultured in these micro-controlled flow devices, the system can achieve model parameters very similar to the BBB in the physiological environment, and by changing the physiology or disease state of the cell, the system can be quickly applied to BBB modeling in the disease state. Although dynamic microfluidic devices are closer to simulating the physiology of healthy and diseased BBB, these systems are more expensive and require specialized equipment and technical expert guidance to be established, and because the method is relatively new, supporting standardized operations and detection parameters also limit its widespread use (Jackson et al., 2019). In recent years, 3D printing has emerged as an alternative manufacturing method that allows faster, cheaper manufacturing, precise size control, built-in measurement technology, and greater design flexibility (Li et al., 2020). Combining 3D printing technology with the advantages of high throughput detection, automatic detection, and low operating cost of microfluidics solves the problem of the complex multi-step structure of the microfluidic device and can be used as an alternative method of traditional microfluidics manufacturing. 3D printing, as digital manufacturing technology, is the process of adding materials to create objects layer by layer from 3D model data, allowing complex objects to be accurately constructed directly from computer-aided design (CAD) software (Tack et al., 2016). Most 3D printing processes have a similar basic process, in short, the use of CAD software in the form of 3D a digital rendering of the target product, then convert the 3D design to describe the surface stereolithography (SLA) 3D model file format (STL), then, will be cut into 2D layer data further build files, and sent to the 3D printer. The raw materials processed into filaments, granules, or adhesive solutions are automatically added and cured in a layer-by-layer fashion to produce the desired product (Sivandzade and Cucullo, 2018).
Commonly Used 3D Cell Culture Biomaterials
Due to the rapid development of material chemistry, use scaffolding or solid platform to simulate microenvironment support cell growth has been widely used in copying the ECM model, these materials including metals, plastics, and polymers, such as electrospinning scaffold, by random distribution or arrangement of the electrostatic spinning of nanofibers polyphenylsulfone (PPSu) stents, used for evaluation of neural activity 3D cultivation environment. The results showed that nanofibers successfully supported the adhesion and growth of NSCs and enhanced the differentiation of neurons compared with 2D substrates (Hajiali et al., 2018). Hydrogels are networks of polymers or proteins that can be cross-linked to form a coating on the surface of cells in vitro. They can be either natural or synthetic and are used to promote cell attachment and improve their survival. The natural extracellular matrix proteins of cells provide a natural source of hydrogels, such as laminin and collagen. Type I collagen with hyaluronic acid and alginate with laminin are used as cellular scaffolds (Her et al., 2013). Star-PEG-heparin hydrogel has been used to study how the NSC in AD lose regeneration, studies have shown that by using Star-PEG-heparin hydrogels to set up a 3D cell guiding neural microenvironment of reduction, to promote the primary and the induction of NSCs proliferation and nerve generation capability, to study the NSCs how plasticity loss in the AD (Papadimitriou et al., 2018). The tissue-engineered structure of synthetic hydrogels is usually made of a soft and porous matrix to allow oxygen and nutrients to pass through sufficiently to supply cells, such as polycaprolactone (Daud et al., 2012), polyethylene glycol (Schwartz et al., 2015), and even polystyrene, which has been used as scaffolds, cell adhesion, and support. Beduer et al. have also developed a compressible scaffold. Using a hydrogel consisting of sodium alginate and carboxymethyl cellulose (CMC) in combination with simple one-pot cryogenic synthesis, they prepared a cryogen system that assists in the development of extended neural networks from primary cells and can be used for minimally invasive delivery within brain tissue (Béduer et al., 2015).
With the development of biomaterial scaffolds, 3D culture and in vivo cell behavior have been realized in scaffolder-free self-assembled aggregated cultures (Dingle et al., 2015), including spheroids, embryos, nerve spheres, and microtissues. Cells can be formed by suspension culture in concave micropores or sponge gel matrix, successfully realizing the communication between various cell types of neural spheres. Biomaterials can also be used to study cell behavior. For example, neurons have also been grown and studied on semiconductor indium phosphate nanowire arrays, demonstrating that the neurites of multiple neurons, guided by InP nanowire scaffolds, exhibit synchronous calcium activity, meaning that cell-to-cell communication via synaptic connections can be identified in this model (Gautam et al., 2017). Neurons grown on nanotubes have shown the advantages of being easy to grow and emitting signals that are highly synchronized with those in the body (Bosi et al., 2015). Miao et al. used the chemical vapor deposition method, through the graphene bubble hole (GCNT web) won the full 3D interconnected carbon nano pipe network, and through training and fluorescent marker a different color of glioma and healthy cortex cells, acquired a new in vitro model to study malignant glioma invasion, the model is the study of 3D in vitro biological process ideal tool (Xiao et al., 2018). However, the limitations of the scaffold-free 3D culture of nerve spheres and other scaffolds have led to problems such as large size, malnutrition of the culture, and diffusion of oxygen to indoor cells (Cembran et al., 2020).
CONCLUSION AND PERSPECTIVES
Functional in vitro models of the neuroinflammatory have an essential role in the assessment of the risks or benefits of new treatment methods as an alternative to animal studies. Cell lines are cell cultures that develop from a single cell, so that daughter cells are phenotypically and genetically similar to parent cells until or unless they are inclined to differentiate by differentiating agents. They replace primary cells, are crucial in the study of the physiology, mechanisms, and processes of diseases or disorders, and are widely used in drug-screening processes. In vitro cell models offer a promising tool for exploring complex human organs such as the brain. It provides supporting data for the researchers' hypothesis and improves the translational value of the in vivo model. Typically, this method is practiced in cultures of many cells. Various studies have shown that compared to other models of nerve cells, 3D cell cultures can generalize exactly what the brain's environment looks like and can successfully reconstruct the ECM. As it helps to estimate drug efficacy more appropriately and provides precise directions for researchers to develop promising drug therapies. From simple intracerebral environment monoculture, through co-culture to 3D culture in ECM (Figure 1), in vitro model of the nervous system as a tool to create more suitable physiological conditions is of great significance. The selection of the correct research object and preparation methods are essential to maintain the high degree of matching and stability of the cell model, which helps to more accurately simulate the in vivo environment and understand the mechanism of the disease state. Future research should focus on producing more accurate in vitro models that could be used to develop novel drugs that target the BBB in the CNS, which could provide enormous services to humans (The common brain inflammation 2D and 3D co-culture models are summarized in Table 1).
[image: Figure 1]FIGURE 1 | Common cell culture system. Monoculture is usually carried out directly on the rigid plastic culture substrate; A common use of co-culture is to grow both types of cells in the same extracellular fluid using Transwell chambers; The first two systems of culture were homogenous drug distribution when it comes to the treatment medium or the stimulation. The most commonly used 3D culture system is ECM embedded culture and static suspension culture. The neuro-spheroids or microscopic tissue model formed by 3D culture technology can better simulate the microenvironment in vivo, and the distribution gradient of drugs in vivo can be simulated more accurately when the treatment medium or stimulation is given.
TABLE 1 | Brain inflammation 2D and 3D co-culture models.
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Emodin Alleviates Severe Acute Pancreatitis-Associated Acute Lung Injury by Inhibiting the Cold-Inducible RNA-Binding Protein (CIRP)-Mediated Activation of the NLRP3/IL-1β/CXCL1 Signaling
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Objective: Severe acute pancreatitis (SAP) can lead to acute lung injury (ALI). This study investigated the therapeutic effect of emodin and its molecular mechanisms in a rat model of SAP-ALI.
Methods: Forty male Sprague-Dawley rats were randomly divided into the groups: Control (CON), SAP (SAP), emodin (EMO), and C23 (C23). The latter three groups of rats were induced for SAP-ALI by retrograde injection of 5% sodium taurocholate into the biliary-pancreatic duct and were treated with vehicle, emodin or C23, respectively. One day post induction, their pancreatic and lung injury was assessed by histology and arterial blood gas analysis. In vitro, rat alveolar macrophages (NR8383 cells) were treated with recombinant rat CIRP in the presence or absence of TAK242 (a TLR4 inhibitor), C23 or emodin. The CIRP-mediated activation of the NLRP3/IL-1β/CXCL1 signaling in rat lungs and NR8383 cells was determined. Similarly, the role of IL-1β in the CIRP-induced CXCL1 expression was investigated.
Results: Emodin treatment significantly reduced inflammation and tissue damages in the pancreatic and lung tissues in rats with SAP-ALI, accompanied by decreasing serum amylase, CIRP and IL-1β levels and improving lung function. Furthermore, emodin significantly mitigated the SAP-up-regulated CIRP expression in the pancreatic islets and lung tissues, and attenuated the SAP-activated NF-κB signaling, NLRP3 inflammasome formation and CXCL1 expression in lung resident macrophages as well as neutrophil infiltration in the lungs of rats. In addition, treatment with CIRP significantly activated the NF-κB signaling and NLRP3 inflammasome formation and induced IL-1β and CXCL1 expression and pyroptosis in NR8383 cells, which were abrogated by TAK242 and significantly mitigated by C23 or emodin. Moreover, CIRP only induced very lower levels of CXCL1 expression in IL-1β-silencing NR8383 cells and treatment with IL-1β induced CXCL1 expression in NR8383 cells in a dose and time-dependent manner.
Conclusion: Emodin may inhibit the CIRP-activated NLRP3/IL-1β/CXCL1signaling to decrease neutrophil infiltration and ameliorate the SAP-ALI in rats.
Keywords: Severe acute pancreatitis, acute lung injury, emodin, CIRP, NLRP3, CXCL1
INTRODUCTION
The incidence of acute pancreatitis (AP) is increasing worldwide due to high prevalence of obesity and related biliary stones (Forsmark et al., 2016). AP is usually divided into mild, moderately severe and severe acute pancreatitis (SAP), dependent on their severity (Banks et al., 2013). SAP accounts for 20% of total AP patients (Papachristou, 2008), and has a high death rate because of its serious complications (Bai et al., 2007). SAP is usually complicated by acute lung injury (ALI), which can further progress into acute respiratory distress syndrome (ARDS) (Shields et al., 2002). ARDS is the leading cause of SAP- related death (Guo et al., 2016). However, there currently is no effective therapies for decreasing SAP-ALI mortality. Therefore, it is urgent to further explore the pathogenesis of SAP-ALI and new therapeutic strategies.
Cold-inducible RNA-binding protein (CIRP) is an inflammatory mediator and one of the damage-associated molecular pattern molecules (DAMPs). High levels of serum CIRP are detected in patients with hemorrhagic shock or sepsis, and associated with a high mortality rate (Qiang et al., 2013). Functionally, CIRP can deteriorate inflammatory diseases and damage tissues by binding to NOD-like receptors (NLRs) to activate the NLRP3 inflammasome (Bortolotti et al., 2018; Aziz et al., 2019). The NLRP3 inflammasome is a protein complex, which can directly interact with the adaptor apoptosis-associated speck-like protein containing caspase-recruitment domain (ASC) to activate caspase-1, and the activated caspase-1 splits gasdermin D (GSDMD), pro-IL-1β and pro-IL-18, leading to cell pyroptosis, IL-1β and IL-18 secretion (Chae et al., 2011; Shi et al., 2015). Pyroptosis is a novel form of programmed cell death involved in inflammation to deteriorate the disease process (Kovacs and Miao, 2017). Lung resident macrophages, such as alveolar macrophages (AMs), are key factors for the pathogenesis of ALI/ARDS (Soni et al., 2016; Huang et al., 2018). The pyroptosis of AMs will aggravate the inflammation in the lung by producing inflammatory cytokines, such as IL-1β, IL-18, and others (He et al., 2016; Fan and Fan, 2018). However, little is known on how CIRP regulates AM pyroptosis and inflammatory cytokine production.
Emodin (1,3,8-trihydroxy-6-methylanthraquinone) is a natural ingredient of Rhei Radix et Rhizoma that is a Chinese herbal medicine and has been used for treatment of patients with pancreatitis in China for a long time. Current evidence indicates that emodin has a wide range of pharmacological properties, including immunosuppressive, anti-inflammatory, antioxidant, anti-fibrotic, and antimicrobial activities (Dong et al., 2016; Zhao et al., 2018). Emodin can significantly ameliorate SAP-ALI by inhibiting neutrophil proteases activity (Xu et al., 2020). However, the molecular mechanisms underlying the action of emodin in inhibiting SAP-ALI have not been clarified. Hence, investigation of the molecular mechanisms and potential targets of emodin will be crucial for the development of effective treatment for SAP-ALI.
To explore the molecular mechanisms underlying the action of emodin in treating SAP-ALI and the role of CIRP in the pathogenic process of SAP-ALI, we employed a rat model of SAP-ALI and tested the therapeutic effect of emodin and C23. The C23 is an oligopeptide derived from the CIRP protein (residues 111–125: GRGFSRGGGDRGYGG) and can act as an antagonist by binding to the CIRP receptor with a high affinity (McGinn et al., 2018; Qiang et al., 2013; Zhang et al., 2018). Furthermore, we examined the effect of C23, emodin or TAK242 (ethyl (6R)-6-[N-(2-chloro-4-fluorophenyl)sulfamoyl]cyclohex-1-ene-1-carboxylate, a small molecule specific inhibitor of the Toll-like receptor (TLR) 4 signaling) on the CIRP-induced pyroptosis and inflammatory cytokine production in rat AMs in vitro. The results indicated that SAP-ALI significantly increased serum CIRP levels, enhanced CIRP expression in the pancreatic islets and lungs, activated the NLRP3 inflammasome, and increased CXCL1 expression and neutrophil infiltration in the lung of rats, which were significantly mitigated by emodin treatment. Moreover, CIRP up-regulated CXCL1 expression in AMs by activating the NLRP3/IL-1β pathway in vitro, which were abrogated by emodin treatment. Our findings uncover that CIRP is an endogenous pro-inflammatory mediator, contributing to the pathogenesis of SAP-ALI in rats and emodin targets the CIRP-activated NLRP3/IL-1β pathway to mitigate the CIRP-induced CXCL1 production in AMs.
MATERIALS AND METHODS
Reagents and Antibodies
The special reagents included emodin and sodium taurocholate (Solarbio Science Technology, Beijing, China), rat CIRP enzyme-linked immunosorbent assay (ELISA) kit (cat#OM546910), anti-ASC (cat#OM204428), anti-CXCL1 (cat#OM248569, Omnimabs, Poway, CA, United States), amylase and IL-1β ELISA kits (Shanghai Lengton Biotech, Shanghai, China), antibodies against Ly6G (cat#GTX40912, Genetex, Dallas, TX, United States), CIRP (cat#A6080), p-P65 (cat#AP0123), P65 (cat#A16271), IKBα (cat#A16929), p-IKBα (cat#AP0707), NLRP3 (cat#A14223), Caspase-1 (cat#A0964), GSDMD (cat#A18281), IL-1β (cat#A11369), β-actin (cat#AC026 Abclonal Biotech, Wuhan, China), TAK242 and recombinant rat IL-1β (Absin Bioscience, Shanghai, China), HRP-conjugated goat anti-rabbit IgG (H + L) (cat#31460, Thermo, Waltham, MA, United States), mouse anti-F4/80 antibody (cat# SC-52664, Santa Cruz Biotechnology, Santa, Cruz, CA, United States), rabbit anti-glucagon antibody (cat#GB11097), mouse anti-insulin antibody (cat#GB13121), Cy3-conjugated goat anti-rabbit IgG (H + L) (cat#GB21303), Cy5-conjugated goat anti-mouse IgG (H + L) (cat#GB27301), FITC-conjugated goat anti-mouse IgG (H + L) (cat#GB22301, Servicebio Technology, Wuhan, China). C23 and recombinant rat CIRP (Genscript Biotech, Nanjing, China). Others were RNA extraction reagent, RNAex Pro Reagent (Accurate Biotechnology, Changsha, China), the reverse transcription kit and quantitative real-time PCR kit (Vazyme Biotech, Nanjing, China), CIRP, NLRP3, CXCL1, and IL-1β primers (Synbio Technologies, Suzhou, China).
Establishment of a SAP-ALI Rat Models
All experiments were performed in accordance with the experimental protocol approved by the Committee for Research and Animal Ethics of Dalian Medical University (Dalian, China). Male Sprague-Dawley rats, 180–220 g, were obtained from the Experimental Animal Center of Dalian Medical University. The rats were housed in a specific pathogen-free room with consistent temperature of 20–22°C and a cycle of 12 h light-dark and allowed free access to standard rodent chow and water.
The rat model of SAP-ALI was established as descripted previously (Xu et al., 2020). Briefly, 40 rats were randomly divided into the groups: the Control (CON), SAP (SAP), C23 (C23), and emodin (EMO) groups, respectively, (n = 10 per group). The experimental rats were retrograde-infused with 5.0% sodium taurocholate (0.1 ml/100 g body weight, 0.1 ml/min) into their biliopancreatic duct while the CON group of rats received the equivalent volume of 0.9% sterile saline. 2 h later, the C23 and EMO groups of rats were treated with C23 (8 mg/kg body weight, intravenous injection) and emodin (40 mg/kg body weight, by gavage) (Xu et al., 2021), respectively. The EMO group of rats were repeated the same dose of emodin at 12 h post-operation. 24 h after the injection with sodium taurocholate, all rats were anesthetized with 1% pentobarbital sodium (4 mg/100 g bodyweight, Merck KGaA, Darmstadt, Germany), and their arterial blood samples were collected from their abdominal aorta. Their pancreatic and lung tissues were dissected and one part of the tissues were frozen in liquid nitrogen, and then stored at −80°C. The remaining pancreatic and lung tissues were fixed in 10% formalin and embedded in paraffin. Some arterial blood samples were used for arterial blood gas analysis, and the remaining blood samples were centrifuged to prepare serum samples.
Measurement of Serum CIRP, Amylase, IL-1β Levels and Arterial Blood Gas
The levels of serum CIRP, amylase and IL-1β in individual rats were analyzed by ELISA using specific kits, according to the manufacturer’s instructions. The blood gas analysis was performed in an automatic blood gas analyzer (RapidPoint 500, Siemens, Berlin and Munich, Germany).
Histology and Immunohistochemistry
The paraffin-embedded pancreatic and lung tissue sections (5 μm) were routine-stained with hematoxylin and eosin (HE). The pathological changes in each section was scored as 0 to 4 for the degree of acinar necrosis, inflammation, hemorrhage, and edema in the pancreas (Rongione et al., 1997), and as 0–3 for the degrees of edema, leukocyte infiltration, and hemorrhage in the lung in a blinded manner (Osman et al., 1998).
The levels of CIRP and Ly6G expression in pancreatic and lung tissue sections were determined by immunohistochemistry using antibodies against CIRP (1:600) and ly6G (1:500) as described previously (Ramos-Vara, 2017).
Cell Culture
Rat alveolar macrophage NR8383 cells, were obtained from the Zhong Qiao Xin Zhou Biotechnology (Shanghai, China) and cultured in Ham’s F-12K medium (Thermo) supplemented with 15% fetal bovine serum (FBS) in a humidified atmosphere of 5% CO2 at 37°C.
Cellular Experiments
To determine the effect of CIRP, NR8383 cells were treated with vehicle as the Control or 1.5 μg/ml recombinant rat CIRP for 6 h as the CIRP group. NR8383 cells were pre-treated with TAK-242 (500 µM) for 24 h (Wu et al., 2018) and treated with 1.5 μg/ml CIRP for 6 h. In addition, NR8383 cells were pre-treated with 300 ng/ml C23 for 1 h (Zhang et al., 2018) and treated with 1.5 μg/ml CIRP for 6 h as the CIRP + C23 group. Moreover, NR8383 cells were treated with 1.5 μg/ml CIRP and 20 µM emodin for 6 h as the CIRP + EMO group (Xiang et al., 2017a). To examine the role of IL-1β in the CIRP-increased CXCL1 expression in AMs, NR8383 cells were treated with vehicle as the Control or 1.5 μg/ml CIRP for 6 h as the CIRP group. Furthermore, NR8383 cells were transfected with control siRNA or IL-1β-specific siRNA (Table 1) for 48 h and treated with 1.5 μg/ml CIRP for 6 h as the NC or Si-IL-1β group, respectively. To determine the effect of IL-1β on CXCL1 expression, NR8383 cells were treated with various concentrations (0, 1 ng/ml, 5 ng/ml, 10 ng/ml) of recombinant rat IL-1β for 24 h or treated with 10 ng/ml IL-1β for varying time periods (0, 6, 12, 24 h), respectively.
TABLE 1 | The sequence of siRNAs.
[image: Table 1]Transfection
NR8383 cells were transfected with control siRNA or IL-1β specific siRNA (Keygen, Nanjing, China, Table 1) using the Lipofectamine TM 2000 (Invitrogen, Carlsbad, CA, United States), according to the manufacturer’s instruction.
Quantitative Real-Time PCR
Total RNAs were extracted from rat pancreas, lung samples and the different groups of NR8383 cells using the RNAex Pro Reagent (AG), and the resulting RNA samples (1 µg each) were transcribed reversely into cDNA using the HiScript® II Reverse transcriptase (Vazyme). The relative levels of target gene mRNA transcripts to the control GAPDH were quantified by qPCR using the ChamQ universal SYBR® qPCR Master Mix (Vazyme) and specific primers (Table 2). The data were analyzed by the 2−ΔΔCT method.
TABLE 2 | The sequences of primers.
[image: Table 2]Western Blot Analysis
Fresh pancreatic and lung tissues from individual rats were homogenized and lyzed in RIPA lysis buffer (Keygen). Similarly, the different groups of NR8383 cells were lyzed in RIPA lysis buffer. After quantification of protein concentrations, individual lysate samples were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 10–15% gels (Solarbio, Beijing, China.) and transferred onto polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% fat-free dry milk in TBST for 1 h and incubated with primary antibodies, including anti-CIRP (1:1000), anti-NLRP3 (1:1000), anti-ASC (1:300), anti-caspase-1 (1:1000), anti-IL-1β (1:1000), anti-GSDMD (1:1000), anti-p-P65 (1:1000), anti-P65 (1:1000), anti-IKBα (1:1000), anti-p-IKBα (1:1000), anti-CXCL1 (1:500), and anti-β-actin (1:20,000) at 4°C overnight. After being washed, the bound antibodies were detected with goat anti-rabbit IgG (H + L) secondary antibody (1:5000) and visualized using the enhanced chemiluminescent reagent (Keygen). The bands were imaged using the Tanon 5200 imaging system. The relative levels of the target protein to the control β-actin were quantified by densitometric analysis using the Image Pro Plus 5.1 software.
Immunofluorescence
The distributions of insulin, glucagon and CIRP expression in the pancreatic tissue sections were characterized using the tyramide signal amplification (TSA) method (Francisco-Cruz et al., 2020). Briefly, the pancreatic tissue sections were incubated with rabbit anti-glucagon antibody (1:10,000) overnight at 4°C, and the bound antibodies were detected HRP-conjugated goat anti-rabbit IgG (H + L) (1:500). After being washed, the sections were incubated with FITC-labelled TSA reagents. Subsequently, the sections were probed with mouse anti-insulin antibody (1:300) and rabbit anti-CIRP antibody (1:100) at 4°C overnight. The sections were further incubated with Cy3-conjugated goat anti-rabbit IgG (H + L) (1:300) and Cy5-conjugated goat anti-mouse IgG (H + L) (1:300). The fluorescent signals were scanned using the Pannoramic DESK and the images were captured using the software provided (3DHISTECH, Budapest, Hungary).
In addition, the distribution of F4/80 and NLRP3 or F4/80 and CXCL1 was analyzed by immunofluorescence using two sets of antibodies, as described previously (Mori and Cardiff, 2016). Briefly, the lung tissue sections were incubated with mouse anti-F4/80 antibody (1:100) and rabbit anti-NLRP3 (1:300) or rabbit anti-CXCL1 antibody (1:200) overnight at 4°C. The bound antibodies were probed with FITC-conjugated goat anti-mouse IgG (H + L) (1:200) and Cy3-conjugated goat anti-rabbit IgG (H + L) (1:300). The fluorescent signals were captured using an Olympus BX63 fluorescence microscope (Olympus, Tokyo, Japan) at 200× magnification.
Flow Cytometry
The percentages of NR8383 cells undergoing pyroptosis in different groups were measured by flow cytometry using the FAM-FLICA caspase Assay Kit (ImmunoChemistry Technologies, Bloomington, MN, United States), in strict accordance with the manufacturer’s instructions.
Statistical Analysis
The data are expressed as means ± standard deviation (SD). The difference among groups was analyzed by one-way ANOVA and post hoc Fisher’s least significant difference (LSD) test using SPSS v25.0 (IBM, Armonk, NY, United States). A p-value of <0.05 was considered statistically significant.
RESULTS
Treatment With Emodin or C23 Effectively Alleviates the Severity of SAP-ALI in Rats
To test the effect of emodin or C23 on the development of SAP-ALI, SD rats were retrograde-infused with sodium taurocholate into their biliopancreatic duct to induce SAP-ALI. 2 h later, the rats were randomized and treated with vehicle (SAP group), emodin or C23. 24 h post induction, the rats were euthanized and their pancreatic and lung tissues were examined by pathology (Figure 1A). While the control rats displayed healthy pancreas and lung tissue morphology, the SAP group of rats exhibited severe edema, inflammation, hemorrhage, and acinar necrosis in their pancreases and edema, leukocyte infiltration and hemorrhage in their lungs, which were less remarkable in the EMO or C23 group of rats. Semi-quantification indicated the histological scores for the pancreas and lung sections in the SAP group were significantly higher than that in the CON group, but were significantly reduced in the EMO or C23 group of rats (P < 0.001 for both, Figures 1B,C). A similar pattern of serum amylase and IL-1β levels was detected among the groups of rats, indicating that treatment with emodin or C23 mitigated the SAP and inflammation in rats (Figures 1D,E). Analyses of arterial gas revealed that compared with the CON group, the levels of PaO2 were significantly reduced while the levels of PaCO2 were elevated in the SAP group of rats, which were significantly mitigated in the EMO or C23 group of rats (P < 0.001, Figures 1F,G). Such data indicated that treatment with emodin or C23 significantly mitigated the severity of SAP-ALI in rats.
[image: Figure 1]FIGURE 1 | Treatment with emodin or C23 effectively alleviates the severity of SAP-ALI in rats. (A) Hematoxylin and Eosin (HE) staining analysis of the pathological changes in the pancreatic and lung tissues (100 × magnification). (B, C) Quantitative analysis of pathological scores. (D) ELISA analysis of serum amylase levels. (E) ELISA analysis of serum IL-1β levels. (F, G) The analysis of blood arteria gas. The data are representative images or expressed as mean ± SD of each group of rats (n = 10 per group) from at least three separate experiments; ***p < 0.001 vs. the CON. ###p < 0.01 vs. the SAP. Scale bar = 100 μm.
Treatment With Emodin Significantly Attenuates the SAP-Induced CIRP Expression in Rats
CIRP is an inflammatory mediator and can bind to the TLR4 to induce pro-inflammatory cytokine production. To understand the molecular mechanisms underlying the action of emodin, we characterized the expression of CIRP in the different groups of rats. As shown in Figure 2A, while there was a little CIPR expression in the pancreatic and lung tissues of the control rats, the levels of CIRP expression significantly increased in the pancreatic islets and lungs of the SAP group of rats. In contrast, the levels of CIRP expression in the pancreatic islets and lung tissues were obviously reduced in the C23 or EMO group of rats, particularly in the EMO group. Furthermore, the levels of serum CIRP in the C23 or EMO group of rats were significantly lower than that in the SAP, but remained higher than that in the CON group of rats (P < 0.001 for all, Figure 2B). A similar pattern of CIRP mRNA transcripts and protein expression was detected in the pancreatic and lung tissues in the different groups of rats (Figures 2C–F). Finally, immunofluorescent analysis revealed that CIRP expression was induced in β and α cells in the pancreatic islets of the SAP group of rats, which was obviously reduced in the C23 group, particularly in the islet β cells and further decreased in the islets of the EMO group of rats (Figure 2G). Collectively, the results demonstrated that treatment with emodin, like C23, significantly mitigated the SAP-up-regulated CIRP expression in the pancreatic islets and lung tissues of rats.
[image: Figure 2]FIGURE 2 | Treatment with emodin significantly attenuates the SAP-induced CIRP expression in rats. (A) Immunohistochemistry analysis of CIRP expression in the pancreatic and lung tissues (200 × magnification). Scale bar = 50 μm. (B) ELISA analysis of serum CIRP levels. (C, D) Quantitative RT-PCR analysis of the relative levels of CIRP to the control GAPDH mRNA transcripts in the pancreatic and lung tissues of rats. (E, F) Western blot analysis of the relative levels of CIRP to the control β-actin expression in the pancreatic and lung tissues of rats. (G) Immunofluorescent analysis of CIRP expression in the pancreatic islets using anti-CIRP (red), anti-insulin (pink), and anti-glucagon (green, 400 × magnification). Scale bar = 20 μm. The data are representative images or expressed as mean ± SD of each group of rats (n = 10 per group) from at least three separate experiments; ***p < 0.001 vs. the CON. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the SAP.
Treatment With Emodin, Like C23, Significantly Attenuates the SAP-Activated NF-κB Signaling and NLRP3 Inflammasome Formation in the Lungs of Rats
To further understand the action of emodin, we investigated the effect of emodin on the NF-κB signaling and NLRP3 inflammasome formation in the lungs of the different groups of rats. In comparison with the CON group, significantly higher levels of NF-κBp65 and IKBα phosphorylation were detected in the lung of the SAP group of rats, which were significantly reduced in the lungs of the EMO or C23 group of rats, indicating that treatment with emodin or C23 mitigated the SAP-activated NF-κB signaling in the lungs of rats (Figure 3A). A similar pattern of NLRP3 and IL-1β mRNA transcripts and protein expression as well as polymer, dimer and monomer ASC, caspase-1, GSDMD-N, pro-IL-1β, cleaved IL-1β (p17) expression was observed in the lungs of different groups of rats (Figures 3B–D). Immunofluorescent analysis using anti-NLRP3 and anti-F4/80, a marker of resident macrophages (Miyabe et al., 2019) indicated that the NLRP3 expression was mainly overlapped with F4/80 in macrophages in the lungs of the SAP group of rats, which was significantly reduced in the lungs of the EMO or C23 group of rats (Figure 3E). Together, such data indicated that treatment with emodin or C23 significantly mitigated the SAP-activated NF-κB signaling and NLRP3 inflammasome formation in the lungs of rats.
[image: Figure 3]FIGURE 3 | Treatment with emodin, like C23, significantly attenuates the SAP-activated NF-κB signaling and NLRP3 inflammasome formation in the lungs of rats. (A) Western blot analysis of the relative levels of NF-κBp65 and IKBα to the control β-actin expression and phosphorylation in the lung tissues of rats. (B, C) Quantitative analysis of the relative levels of NLRP3 and IL-1β to the control GAPDH mRNA transcripts in the lung tissues of rats. (D) Western blot analysis of the relative levels of NLRP3, ASC (Monomer, Dimer, Polymer), caspase1 (Pro-Casp-1, Casp-1 p20), GSDMD (GSDMD, GSDMD-N), and IL-1β (Pro-IL-1β, IL-1β p17) to the control β-actin expression in the lung tissues of rats. (E) Immunofluorescent analysis of the NLRP3 expression in the lung resident macrophages using anti-NLRP3 (red) and anti-F4/80 (green). The data are representative images (200 × magnification) or present as mean ± SD of each group of rats (n = 10 per group) from at least three separate experiments; ***p < 0.001 vs. the CON. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the SAP. Scale bar = 50 μm.
Treatment With Emodin or C23 Reduces the SAP-Enhanced CXCL1 Expression and Neutrophil Infiltration in the Lungs of Rats
CXCL1 is critical for the migration of neutrophils and their infiltration in the lung contributes to the development of ALI (Bhatia et al., 1998; De Filippo et al., 2013; Inoue et al., 1995; Keck et al., 2002). To understand the action of emodin in inhibiting the SAP-ALI, we tested the levels of CXCL1 expression in the lungs of different groups of rats. We found that the levels of CXCL1 mRNA transcripts and protein expression in the lungs of the SAP group were significantly higher than that in the CON group of rats, but were significantly reduced in the EMO or C23 group of rats (Figures 4A,B). Immunofluorescent analysis indicated that the CXCL1 expression was co-localized with F4/80 in the lung tissue sections of the SAP group of rats, but little was detected in the lungs of other groups of rats (Figure 4C). Such data indicated that CXCL1 was mainly expressed by lung resident macrophages during the process of SAP-ALI. Immunohistochemistry analysis using antibodies against Ly6G, a marker of neutrophils (Feng et al., 2017) revealed that there were many Ly6G + neutrophils in the lung and alveolar spaces of the SAP group of rats, which was obviously reduced in the C23 and EMO groups of rats (Figure 4D). Hence, treatment with emodin or C23 significantly reduced the SAP-up-regulated CXCL1 expression and neutrophil infiltration in the lungs of rats.
[image: Figure 4]FIGURE 4 | Treatment with emodin or C23 reduces the SAP-enhanced CXCL1 expression and neutrophil infiltration in the lungs of rats. (A) Quantitative RT-PCR analysis of the relative levels of CXCL1 to the control GAPDH mRNA transcripts in the lungs of rats. (B) Western blot analysis of the relative levels of CXCL1 to the control β-actin expression in the lungs of rats. (C) Immunofluorescent analysis of CXCL1 expression in lung resident macrophages using anti-CXCL1 (red) and anti-F4/80 (green) (200 × magnification). (D) Immunohistochemistry analysis of infiltrated neutrophils in the lung tissues of rats using anti-Ly6G antibodies. The data are representative images (200 × magnification) or expressed as mean ± SD of each group of rats (n = 10 per group) from at least three separate experiments; ***p < 0.001 vs. the CON. ##p < 0.01, ###p < 0.001 vs. the SAP. Scale bar = 50 μm.
Treatment With Emodin, Like C23, Mitigates the CIRP-Activated NF-κB Signaling, NLRP3 Inflammasome Formation, and Pyroptosis in NR8383 Cells
To explore the effect of emodin on the CIRP-activated NF-κB signaling, inflammasome formation and pyroptosis in macrophages, NR8383 cells were stimulated with recombinant rat CIRP for 6 h. We found that CIRP stimulation significantly increased the levels of IκBα and NF-κBp65 phosphorylation, a hall mark of the activation of the NF-κB signaling in NR8383 cells, which were nearly completely abrogated by TAK242 treatment and significantly mitigated by C23 or emodin treatment (Figure 5A). A similar pattern of NLRP3 and IL-1β mRNA transcripts and NLRP3, ASC, caspase-1 (p20), GSDMD-N, and IL-1β protein expression was observed in the different groups of NR8383 cells (Figures 5B–D). Flow cytometry analysis revealed that CIRP triggered a high frequency of caspase-1+PI + NR8383 cells, a hallmark of cell pyroptosis, which was also completely abrogated by treatment with TAK242, and significantly reduced by treatment with C23 or emodin (Figures 5E,F). Thus, treatment with emodin significantly reduced the CIRP-activated NF-κB signaling, NLRP3 inflammasome formation, and pyroptosis in NR8383 cells in vitro.
[image: Figure 5]FIGURE 5 | Treatment with emodin, like C23, mitigates the CIRP-activated NF-κB signaling, NLRP3 inflammasome formation, and pyroptosis in NR8383 cells. NR8383 cells were treated with vehicle as the control, or CIRP in the presence of TAK242, emodin or C23 for 6 h. (A) Western blot analysis of the relative levels of NF-κBp65 and IKBα to the control β-actin expression and their phosphorylation in the different groups of NR8383 cells. (B, C) Quantitative RT-PCR analysis of the relative levels of NLRP3 and IL-1β to the control GAPDH mRNA transcripts in the different groups of NR8383 cells. (D) Western lot analysis of the relative levels of NLRP3, ASC (Monomer, Dimer, Polymer), caspase1 (Pro-Casp-1, Casp-1 p20), GSDMD (GSDMD, GSDMD-N), and IL-1β (Pro-IL-1β, IL-1β p17) to β-actin expression in NR8383 cells. (E, F) Flow cytometry analysis of the frequency of NR8383 cells undergoing pyroptosis in NR8383 cells. The data are representative images, flow cytometry charts or expressed as mean ± SD of each group of cells from three separate experiments; ***p < 0.001 vs. the Control group. #p < 0.05, ##p < 0.01, ###p < 0.001 vs. the CIRP group.
Treatment With Emodin Mitigates the CIRP-Induced IL-1β-dependent CXCL1 Expression in NR8383 Cells
Finally, we tested whether CIRP could modulate CXCL1 expression and how treatment with emodin, or C23 could alter its effect in NR8383 cells. First, we found that treatment with CIRP significantly up-regulated CXCL1 mRNA transcripts and protein expression in NR8383 cells, which was abrogated by TAM242 treatment, and significantly mitigated by C23 or emodin treatment (Figures 6A,B). Because CIRP induced the NLRP3 inflammasome formation and CXCL1 and IL-1β expression in NR8383 cells, we tested whether IL-1β was crucial for CIRP to induce CXCL1 expression in NR8383 cells. We found that CIRP only induced very lower levels of CXCL1 expression in IL-1β silencing NR8383 cells, relative to that in the control siRNA-transfected NR8383 cells (Figures 6C,D). Furthermore, treatment with different concentrations of IL-1β for varying periods revealed that IL-1β induced CXCL1 expression in NR8383 cells in a dose- and time-dependent manner (Figures 6E–H). Therefore, treatment with emodin mitigates the CIRP-induced IL-1β-dependent CXCL1 expression in NR8383 cells in vitro.
[image: Figure 6]FIGURE 6 | Treatment with emodin mitigates the CIRP-induced IL-1β-dependent CXCL1 expression in NR8383 cells. (A) Quantitative RT-PCR analysis of the relative levels of CXCL1 to the control GAPDH mRNA transcripts in NR8383 cells. (B) Western blot analysis of the relative levels of CXCL1 to the control β-actin expression in NR8383 cells. (C and D) CIRP only induced very lower levels of CXCL1 expression in the IL-1β silencing NR8383 cells. (E–H) IL-1β enhanced CXCL1 expression in NR8383 cells in a dose- and time-dependent manner. The data are representative images or expressed as mean ± SD of each group of cells from three separate experiments; *p < 0.05, **p < 0.01, ***p < 0.001 vs. the Control group. ##p < 0.01, ###p < 0.001 vs. the CIRP group. NS, not significant.
DISCUSSION
SAP can cause multiple organ dysfunction syndrome, commonly affecting the lung to induce ALI, even to ARDS, which is responsible for 60–70% of SAP-related deaths (Guice et al., 1988; Johnson and Abu-Hilal, 2004; Mofidi et al., 2006; Banks et al., 2013; Schepers et al., 2019). CIRP is an inflammatory mediator and can deteriorate inflammation and tissue damages in the inflamed pancreas (Linders et al., 2020) and can induce ALI (Cen et al., 2017; Yang et al., 2016; Zhang et al., 2020). Actually, the levels of serum CIRP are associated with the severity and prognosis of SAP (Gong et al., 2017). In this study, we investigated the potential role of CIRP in the pathogenesis of SAP-ALI and the effect of emodin treatment on the severity of SAP-ALI and potential mechanisms in a rat model of SAP-ALI. We found that while induction of SAP caused both pancreatic and lung tissue damages and impaired the lung function, accompanied by elevating serum IL-1β, treatment with emodin or C23 significantly mitigated the severity of SAP-ALI and improved lung function as well as decreased serum IL-1β in rats. Such findings were consistent with previous observations that emodin reduces the mortality of SAP (Xiang et al., 2017b) and ameliorates SAP-ALI (Xu et al., 2020). Thus, emodin may be a promising candidate for intervention of SAP-ALI.
Because CIRP is a critical factor for ALI, we explored the effect of emodin treatment on CIPR expression in both the lung and pancreas of rats. We found that induction of SAP significantly up-regulated CIRP expression in the pancreatic islets and lung tissues of rats, accompanied by increased levels of serum CIRP. Such data extended previous findings that up-regulated CIRP expression is detected during the process of shock (Qiang et al., 2013) and acute hypoxia (Zhou et al., 2014). It is possible that SAP may cause hypovolemia, hypotension and microvascular thrombosis and lead to tissue hypoperfusion and hypoxia that up-regulate CIRP expression during the process of SAP (Garg and Singh, 2019). Interestingly, we detected inducible CIRP expression in β and α-cells of the pancreatic islets, which may explain high levels of serum CIRP as β and α-cells can secrete insulin and glucagon into blood circulation. More importantly, we found that treatment with emodin or C23 significantly mitigated the SAP-up-regulated CIRP expression in the pancreatic islets and lung tissues, which may contribute to their therapeutic effect on inhibiting the severity of SAP-ALI in rats (Figure 7).
[image: Figure 7]FIGURE 7 | A diagram illustrates the potential mechanisms underlying the action of emodin in inhibiting SAP-ALI. During the process of SAP, CIRP is released from pancreatic islets into the blood and circulates into the lung, leading to the activation of the NF-κB signaling and NLRP3 inflammasome formation and pyroptosis of lung resident macrophages that release IL-1β. Subsequently, IL-1β induces CXCL1 expression in macrophages and others, and the increased CXCL1 recruits neutrophil infiltration into the lung, where the infiltrated neutrophils produce ROS, proteases, cytokines, and chemokines, damaging the lung tissues. Emodin may inhibit CIRP expression and the CIRP-related NF-kB signaling and NLRP3 inflammasome formation, IL-1β, and CXCL1 expression, mitigating neutrophil infiltration and lung damages, alleviating SAP-ALI. Hence, emodin targets the CIRP/NLRP3/IL-1β/CXCL1 pathway, the critical players in the pathogenesis of SAP-ALI, and may be a promising candidate for intervention of SAP-ALI.
CIRP can bind to the TLR4 to activate the nuclear factor κB (NF-κB) signaling (Chen et al., 2016; Zhou et al., 2020), which induces the expression of NLRP3, pro-IL-1β and many other cytokines, leading to activation of NLRP3 inflammasome (Schroder and Tschopp, 2010; Wang et al., 2018; Yu et al., 2017). The activation of NLRP3 inflammasome will deteriorate inflammation of pancreatitis (Hou et al., 2019; Sendler et al., 2020), and esults in production of IL-1β, IL-18 (Fan and Fan, 2018), and HMGB1 (Hou et al., 2018), which are associated with systemic injury. In this study, we found that treatment with emodin, like C23, significantly mitigated the SAP-activated NF-κB signaling and NLRP3 inflammasome formation as well as IL-1β, CXCL1 expression, reducing neutrophil infiltration in the lungs of rats (Figure 7). Similar effects of emodin on the CIRP-activated NF-κB signaling and NLRP3 inflammasome formation, IL-1β, CXCL1 expression were observed in NR8383 cells in vitro. Previous studies have shown that emodin can inhibit the NF-κB activation and subsequent inflammatory responses and the activation of NF-κB can promote the activation of NLRP3 inflammasome (Bauernfeind et al., 2009; Xiao et al., 2014; Ding et al., 2018a). These, together with the effects of emodin, similar to C23, suggest that emodin may inhibit the activation of NLRP3 inflammasome by inhibiting the CIRP-induced NF-κB activation in resident macrophages. We are interested in investigating how emodin inhibits the NF-κB activation and NLRP3 inflammasome formation during the process of SAP-ALI.
CXCL1 is critical for the migration of neutrophils into the lung while infiltrated neutrophils can produce reactive oxygen species (ROS), proteases, cytokines, and chemokines, deteriorating inflammation and lung damages (De Filippo et al., 2013; Thieblemont et al., 2016). The significantly decreased CXCL1 expression in macrophages by eomdin treatment may be a key step to inhibit SAP-ALI, because macrophages can mediate and amplify the inflammatory cascade during the pathological progress of SAP by secreting CCL2, CXCL1, IL-1β, and other pro-inflammatory mediators (Shamoon et al., 2016; Jiménez-Alesanco et al., 2019). Apparently, SAP induced CIRP expression that activated the NF-κB signaling and the NLRP3 inflammasome, increasing IL-1β and CXCL1 expression in the lung to promote neutrophil infiltration, damaging the lung tissues. Interestingly, we found that treatment with TAK242 abrogated the CIRP-induced biological effects on NR8383 cells, indicating that CIRP through the TLR4 activated the NF-κB signaling and NLRP3 inflammasome formation in macrophages, consistent with previous reports (Qiang et al., 2013; Li et al., 2017; Bolognese et al., 2018). In addition, we found that treatment with IL-1β up-regulated CXCL1 expression in NR8383 cells in a dose and time-dependent manner. This, together with the fact that CIRP only induced very lower levels of CXCL1 expression in the IL-1β silencing NR8383 cells, indicated that CIRP promoted the production of CXCL1 in macrophages by activating the NLRP3/IL-1β pathway. It is like that IL-1β through its receptor of IL-1RI activates the downstream NF-κB and AMPK signaling to induce CXCL1 expression in macrophages and other types of cells.
In the present study, we demonstrated that CIRP expression was significantly up-regulated in both α and β-cells of the pancreatic islets, which was significantly mitigated by emodin treatment, accompanied by decreasing serum CIRP in rats. Our novel data indicated that emodin ameliorated the severity of SAP-ALI by through inhibiting the CIRP-related signaling and decreased neutrophil infiltration in the lung of rats by attenuating the CIRP-induced IL-1β-dependent CXCL1 expression. A previous study has showed that emodin can relieve SAP-associated lung injury by inhibiting the activation of NLRP3 inflammasome (Gao et al., 2020). Our study also indicated that emodin reduced cell pyroptosis and IL-1β production as well as CXCL1 expression by inhibiting the activation of NLRP3 inflammasome induced by CIRP, which may be the key mechanism underlying the action of emodin in reducing SAP-ALI severity in rats. Treatment with emodin, like C23, can inhibited the CIRP-induced biological process in this model, which extended previous findings that emodin inhibited the TLR4 expression during the process of SAP and other inflammatory diseases (Li et al., 2009; Ding et al., 2018b). Accordingly, we speculate that emodin may act as an inhibitor of the CIRP-TLR4 signaling. However, the molecular mechanisms by which emodin decreases CIRP expression and the CIRP-TLR4 signaling during the process of SAP-ALI remain to be explored.
In conclusion, our data indicated that emodin treatment significantly mitigated the severity of SAP-ALI and IL-1β expression, and improved the lung function in rats. Mechanistically, emodin significantly decreased the SAP-up-regulated CIRP expression in the pancreatic islet and lung tissues as well as the CIRP content in serum to attenuate the CIRP-activated NF-κB signaling, NLRP3 inflammasome formation, IL-1β, and CXCL1 expression to reduce neutrophil infiltration in the lungs of rats. Such novel data indicate that CIRP, as a key inflammatory mediator, contributes to the pathogenesis of SAP-ALI by promoting neutrophil infiltration in the lung through activating the NF-κB and NLRP3/IL-1β/CXCL1 pathways. Thus, our findings may provide new insights into the role of CIRP in the pathogenesis of SAP-ALI and the pharmacological action of emodin in inhibiting inflammation during the process of SAP-ALI. Therefore, emodin may be a promising candidate for intervention of SAP-ALI and other inflammatory diseases.
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Chronic inflammatory diseases are debilitating, affect patients’ quality of life, and are a significant financial burden on health care. Inflammation is regulated by pro-inflammatory cytokines and chemokines that are expressed by immune and non-immune cells, and their expression is highly controlled, both spatially and temporally. Their dysregulation is a hallmark of chronic inflammatory and autoimmune diseases. Significant evidence supports that monoamine oxidase (MAO) inhibitor drugs have anti-inflammatory effects. MAO inhibitors are principally prescribed for the management of a variety of central nervous system (CNS)-associated diseases such as depression, Alzheimer’s, and Parkinson’s; however, they also have anti-inflammatory effects in the CNS and a variety of non-CNS tissues. To bolster support for their development as anti-inflammatories, it is critical to elucidate their mechanism(s) of action. MAO inhibitors decrease the generation of end products such as hydrogen peroxide, aldehyde, and ammonium. They also inhibit biogenic amine degradation, and this increases cellular and pericellular catecholamines in a variety of immune and some non-immune cells. This decrease in end product metabolites and increase in catecholamines can play a significant role in the anti-inflammatory effects of MAO inhibitors. This review examines MAO inhibitor effects on inflammation in a variety of in vitro and in vivo CNS and non-CNS disease models, as well as their anti-inflammatory mechanism(s) of action.
Keywords: monoamine oxidases, inhibitors, inflammation, cytokines, osteoclastogenesis, catecholamines
INTRODUCTION
Inflammation is orchestrated by local and recruited immune cells in response to pathogens, damaged tissue, toxic compounds, and irritants (Chen et al., 2018). Cytokines and chemokines as a complex network act as molecular messengers that signal through a myriad of receptors to regulate inflammation (Borish and Steinke, 2003; Rea et al., 2018). Collectively, they are secreted by immune and non-immune cells, and play a role in acute and chronic inflammation and autoimmune diseases (Gabay and Kushner, 1999; Borish and Steinke, 2003; Balkwill, 2009; Tisoncik et al., 2012; Tanaka et al., 2014; Hunter and Jones, 2015; Dinarello, 2018). Chronic inflammation affects a variety of soft tissues and organs such as the gastrointestinal track, heart, and brain (Chung et al., 2009; Cao et al., 2015; Straub and Schradin, 2016). In addition, inflammation can disrupt bone homeostasis, leading to osteoclast-mediated bone loss (Redlich and Smolen, 2012). Anti-inflammatories that target cytokines and chemokines have been developed for the treatment of soft and hard tissue chronic inflammatory and autoimmune diseases (Tisoncik et al., 2012; Campbell et al., 2013; Tanaka et al., 2014; Dinarello, 2018). A growing body of evidence demonstrates in a number of in vitro and in vivo disease models that MAO-A, MAO-B, and MAO-A/B inhibitors reduce mediators of inflammation and tissue destruction.
Monoamine oxidases (MAOs) are mammalian flavoenzymes (EC 1.4.3.4) that catalyze the oxidative deamination of biogenic and dietary amines, monoamine hormones, and neurotransmitters such as serotonin, dopamine, norepinephrine, and epinephrine, as well as a number of trace amines, such as tyramine, tryptamine, and 2-phenylethylamine (Bortolato and Shih, 2011; Ramsay and Albreht, 2018; Tipton, 2018). Two isoforms of MAO (MAO-A and MAO-B) have been identified, but they differ in substrate specificities, inhibitor affinity, relative expression, and tissue localization (Tipton, 2018). MAO-A has high affinity for serotonin and to a lesser degree norepinephrine. MAO-B more effectively metabolizes phenylethylamine and benzylamine. Epinephrine, dopamine, tryptamine, and tyramine are metabolized to varying degrees by both MAO-A and MAO-B. MAOs are encoded by two distinct genes that are located on the X chromosome (Xp11.23); both have identical exon–intron organization and share 70 percent amino acid identity (Grimsby et al., 1991; Gaweska and Fitzpatrick, 2011). Both enzymes are dimeric in their membrane-bound form (Son et al., 2008; Binda et al., 2011). For rat liver, MAO-A and MAO-B are anchored to the mitochondrial membrane through a hydrophobic C-terminal α-helix and are oriented to the cytosolic face or intermembrane space of the mitochondrial outer membrane, respectively (Wang and Edmondson, 2011; Edmondson and Binda, 2018; Iacovino et al., 2018). In any case, this orientation may vary between tissues and species.
Deletion of the MAO-A and MAO-B genes are not lethal but Norrie disease patients with MAO-A and MAO-B gene deletions show severe intellectual disability, growth failure, alteration of sleep patterns, autistic-like symptoms, and bilateral congenital blindness (Bortolato et al., 2018; Rodriguez-Munoz et al., 2018). MAO-A gene mutations were found in patients with Brunner syndrome. These males showed mild intellectual disability with aggressive and, at times, violent behavior (Brunner et al., 1993). MAO-A knockout (KO) mice demonstrate elevated aggressiveness and autistic-like behavior, and elevation of serotonin (200%), norepinephrine (130%), and dopamine (110%). In contrast, MAO-B KO mice exhibit lower anxiety-like responses and shorter latency to partake in risk-taking behavior, explore new objects, and have significantly elevated levels of phenylethylamine (700%) (Bortolato et al., 2008; Bortolato and Shih, 2011). MAO-A/B KO mice expressed developmental changes, behavioral abnormalities, and significantly elevated levels of all amines that far exceeded what was found in single knockout animals. Observed changes in these animals may reflect exposure to high levels of monoamines during developmental stages (Bortolato et al., 2008; Bortolato et al., 2009; Bortolato and Shih, 2011).
NON-CNS EXPRESSION OF MAO-A AND MAO-B
Historically, most studies on the function and localization of MAO enzymes have focused on the distribution and role of MAOs in the central nervous system, although widespread expression of MAO mRNA is found (Sivasubramaniam et al., 2003). MAO enzymes are widely expressed in different organs such as the heart, lungs, intestine, kidney, and liver but differences in enzyme isotype do exist (Rodriguez et al., 2001; Sivasubramaniam et al., 2003). MAO-A is preferentially expressed in the gastrointestinal track and found in moderately higher levels in human heart. MAO-B is preferentially expressed in kidney, platelets, granulocytes, and lymphocytes with a relatively equal distribution in the lungs, spleen, and liver (Thorpe et al., 1987; Balsa et al., 1989; Pizzinat et al., 1999; Rodriguez et al., 2001; Sivasubramaniam et al., 2002; Billett, 2004; Tripathi et al., 2018). MAO-B was highly upregulated in lipopolysaccharide (LPS)-induced periodontal disease (Ekuni et al., 2009). MAO-A was one of the five most significantly upregulated genes in interleukin-4-induced alternate activation of monocytes/macrophages (Chaitidis et al., 2004; Chaitidis et al., 2005; Gordon and Martinez, 2010; Cathcart and Bhattacharjee, 2014).
MONOAMINE OXIDASE ENZYME ACTIVITY
MAO enzyme activity requires flavin adenine dinucleotide (FAD), which is covalently bound to a cysteine residue on the enzymes. FAD is reduced to its hydroquinone (FADH2) while the amine is reduced to the corresponding imine. This catalytic process has not been fully resolved, however, using semiempirical quantum mechanics/molecular mechanics (QM/MM) simulations, it was shown that hydride transfer from the substrate onto the flavin moiety was rate limiting (Repic et al., 2014; Prah et al., 2020). Once dissociated from the enzyme, the imine is spontaneously hydrolyzed with generation of aldehyde [RCHO] and ammonium [NH4+]. Subsequently, the FADH2 is reoxidized to FAD and this results in the formation of another major metabolic end product, hydrogen peroxide [H2O2] (Bortolato and Shih, 2011; Gaweska and Fitzpatrick, 2011; Ramsay and Albreht, 2018) (Figure 1-left). Inhibition of MAO enzymes decreases these metabolic end products and increases the availability of dietary and biogenic amines. This increase in amines has clinical therapeutic effects, but also has some negative side effects (Figure 1-top right).
[image: Figure 1]FIGURE 1 | MAO oxidative deamination of amines and MAO inhibitor metabolic effects. Systemic levels of dietary and biogenic amines are regulated by MAO-A and MAO-B enzymes. Enzyme activity forms three specific metabolic end products. These include hydrogen peroxide (H2O2), aldehyde, and ammonium; each can affect inflammation (left). Irreversible MAO inhibitors can induce significant absorption of dietary amines (e.g., tyramine) and increase biogenic amine levels (e.g., serotonin) (right). MAO inhibitors decrease metabolic end products and increase catecholamines. Both the decrease in metabolic end products and the increase in catecholamines regulate inflammation. FAD, flavin adenine dinucleotide; FADH2, dihydroflavin adenine dinucleotide.
PHARMACOLOGICAL CONTROL OF MAO ENZYMES: MAO INHIBITORS
MAO-A and MAO-B inhibitor drugs are primarily prescribed for the control of emotional behavior (e.g. depression and anxiety disorders) and neurodegenerative diseases (e.g. Parkinson’s disease, Alzheimer’s, and possibly amyotrophic lateral sclerosis and Huntington’s diseases) (Bortolato et al., 2008; Dlugos et al., 2009; Bortolato and Shih, 2011; Youdim et al., 2006; Al-Nuaimi et al., 2012; Tripathi et al., 2018). MAO inhibitors bind to MAO enzymes in either a reversible or an irreversible manner (Ramsay and Albreht, 2018; Tipton, 2018). Irreversible inhibitors bind to the enzyme by forming a covalent enzyme-inhibitor bond, typically with the enzyme-bound FAD. This is time dependent and not reversed by dialysis. Using QM/MM simulations, the rate-limiting step found for rasagiline and selegiline (irreversible MAO-B inhibitors)-mediated inhibition was hydride anion transfer from the inhibitors onto the FAD co-factor (Tandaric et al., 2020). In contrast, reversible inhibitors inactivate the enzyme through weak interactions such as hydrogen bonds (Edmondson and Binda, 2018). The efficacy of the inhibitor binding into the unique substrate binding sites of MAO-A and MAO-B ultimately determines a drug’s relative selectivity at inhibiting MAO-A, MAO-B, or both. The substrate binding sites of both MAO-A and MAO-B are mainly hydrophobic except for a conserved lysine that interacts with a water molecule. A list of the MAO inhibitor drugs discussed in this article with anti-inflammatory effects and their relative selectivity and reversibility is summarized (Table 1).
TABLE 1 | MAO reversible and irreversible inhibitors with described anti-inflammatory effects.
[image: Table 1]The first MAO inhibitor was an irreversible and non-selective MAO-A and MAO-B inhibitor, iproniazid (Pletscher, 1991). This hydrazine-based compound was initially developed to treat tuberculosis but was a more effective antidepressant. This spurred the development of other non-selective irreversible inhibitors, but the side effects of hepatotoxicity and hypertensive crisis limited their use (Tipton, 2018). Subsequent non-hydrazine compounds showed reduced liver toxicity; however, hypertensive crisis was a significant side effect that resulted in some patient deaths (Youdim et al., 2006). This occurred because the use of non-selective irreversible MAO inhibitors resulted in significant dietary tyramine absorption (Figure 1-top right). Tyramine is normally metabolized by MAO in the gut, with MAO-A in the gut accounting for 70% of the tyramine degradation and additional metabolization in the liver (50% MAO-A and 50% MAO-B) (Hasan et al., 1988; Youdim et al., 2006). Failure to metabolize tyramine results in its absorption and uptake by peripheral adrenergic neurons, where it displaces norepinephrine and induces a hypertensive event (Blackwell, 1963). This became known as the “cheese effect” because documented fatalities were associated with cheese intake (Gillman, 2018).
Tyramine-induced hypertensive crisis was associated with the use of non-selective MAO inhibitors and irreversible MAO-A inhibitors. MAO-B selective inhibitors can be of concern at high doses when selectivity is lost. Reversible MAO-A inhibitors do not have this effect because the dose to achieve their antidepressant effect is such that dietary tyramine can displace the bound inhibitor and is therefore metabolized (Anderson et al., 1993).
A second major side effect from the use of MAO inhibitors occurs due to biogenic amine excess and its negative physiologic effects (Figure 1-top right). Serotonin syndrome (serotonin toxicity) occurs due to excess serotonin in brain synapses. Cases requiring hospitalization are rare and mild cases are typically not fatal. Patients present with a combination of neuromuscular, autonomic, and mental status symptoms that range from mild symptoms of nervousness, nausea, and tremor to more severe symptoms, such as a fever >38.5 °C, confusion, sustained clonus rigidity, and death. Most cases occur due to the use of two drugs that in different ways increase serotonin levels. These include serotonin-elevating drugs (e.g., monoamine oxidase inhibitors), selective serotonin reuptake inhibitors (SSRIs), and serotonin releasers such as amphetamine and the illicit drug, ecstasy. Non-selective and irreversible MAO-A and MAO-B inhibitors, selective and irreversible MAO-B inhibitors, and selective and reversible MAO-A inhibitors have been associated with serotonin syndrome (Foong et al., 2018). Regardless of some of these drug restrictions, MAO inhibitors have proven to be highly effective for the management of a variety of CNS-associated diseases. Moreover, a growing body of evidence demonstrates that a wide variety of MAO inhibitors also exert anti-inflammatory effects in various tissues.
MAO INHIBITORS: REGULATION OF CYTOKINE AND CHEMOKINE EXPRESSION
Acute and chronic inflammation is orchestrated and driven by cytokines and chemokines expressed by local cells and recruited immune cells. Some of the key players of the pro-inflammatory cytokine network include tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) (Gabay and Kushner, 1999; Borish and Steinke, 2003; Balkwill, 2009; Tisoncik et al., 2012; Tanaka et al., 2014; Hunter and Jones, 2015; Dinarello, 2018). Interleukin-8 (CXCL8) is the prototypical member of the CXC chemokine family and serves as a potent chemoattractant for neutrophils in humans. IL-8 plays a critical role in cell recruitment during acute infections and is overexpressed in a number of chronic inflammatory diseases (Palomino and Marti, 2015). Regulating levels of these mediators of inflammation is an established approach for managing chronic inflammatory diseases. MAO-A, MAO-B, and MAO-A/B inhibitors have been shown to significantly change cytokine and chemokine expression in a number of cell culture and disease models such as depression, Parkinson’s, ischemia/reperfusion tissue injury, periodontal disease, and smoke-induced lung injury (Table 2).
TABLE 2 | MAO inhibitor effects on inflammatory cytokine and chemokine expression.
[image: Table 2]A historical case report described a patient who showed a rapid improvement in her Crohn’s disease when prescribed phenelzine (MAO-A/B irreversible inhibitor) for associated depression. Anxiety and depression are risk factors in inflammatory bowel disease and the symptoms are more common during periods of active disease (Graff et al., 2009). The patient’s Crohn’s disease remained stable; however, 6 weeks after stopping the phenelzine, she was readmitted to hospital due to reactivation of her Crohn’s (Kast, 1998). This early clinical report eluded to a potential MAO inhibitor anti-inflammatory effect. In an LPS-induced depression rat model, tranylcypromine (irreversible MAO-A/B inhibitor) decreased the LPS-induced expression of IL-1β, IL-6, TNF-α, and interferon-γ (IFN-γ) in regions of the brain (Tomaz et al., 2020). Tranylcypromine did not alter LPS-mediated NF-κB signaling in the hippocampal region of rat brains, but prevented the LPS-mediated reduction of cAMP response element binding protein (CREB) phosphorylation (Tomaz et al., 2020). CREB phosphorylation may exert a negative regulatory effect on NF-κB-mediated gene activation, thereby reducing cytokine gene expression (Snow and Albensi, 2016). Moclobemide, a reversible MAO-A selective inhibitor that is prescribed for the treatment of depression, was also tested for its anti-inflammatory effects using human whole blood. Blood samples were stimulated with LPS and phytohemagglutinin and moclobemide. Moclobemide reduced unstimulated TNF-α and IL-8 expression but significantly increased interleukin-10 expression in LPS-treated samples (Lin et al., 2000). Interleukin 10 is a major anti-inflammatory cytokine that inhibits lymphocyte and monocyte/macrophage pro-inflammatory cytokine expression (Opal and DePalo, 2000).
Parkinson’s disease is a progressive neurodegenerative disease characterized by resting tremor, muscular rigidity, and gait disturbances. Postmortem analysis of Parkinson’s patients showed significant microglial cell activation in the affected brain region and increased pro-inflammatory cytokine expression (Sawada et al., 2006; Subhramanyam et al., 2019). Microglial make up 10–15% of the glial cell population in adult brains and function as resident immune cells of the brain (Subhramanyam et al., 2019). Their function is multifaceted and exerts a neuroprotective and neurotoxic effect on neuronal cells. Upon activation, they express a number of pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α as well as nitric oxide and reactive oxygen molecules. In a rotenone-induced rat model of Parkinson’s disease, rasagiline reduced TNF-α mRNA expression in brain homogenates (Fernandez et al., 2011). In addition, daily administration of ladostigil (irreversible MAO-A/B inhibitor) to 16-month-old rats prevented the development of spatial memory deficits at 22 months of age and was associated with a significant decrease in gene expression of TNF-α, IL-6, and IL-1β in the parietal cortex (Panarsky et al., 2012). In complementary glial cell culture studies, ladostigil and its metabolites reduced LPS-induced TNF-α, IL-1β mRNA, and protein, and reduced LPS-induced degradation of IκB-α and nuclear translocation of NF-κB p65. In addition, ladostigil inhibited LPS-induced phosphorylation of p38 and ERK 1/2 mitogen-activated protein kinase (MAPK) (Panarsky et al., 2012). Parkinson’s disease patients have an increased risk of having a DJ-1 gene mutation (28511254). DJ-1 is an oxidative stress sensor that localizes to mitochondria. Downregulation of DJ-1 expression using shRNA increased cell sensitivity to dopamine as measured by elevated IL-1β and IL-6 expression. DJ-1 deficient microglia showed increased MAO activity and elevated intracellular reactive oxygen species (ROS) and nitric oxide. Treatment of cultures with rasagiline significantly reduced IL-1β, TNF-α, ROS, and nitric oxide levels (Trudler et al., 2014). Moclobemide also reduced LPS-induced IL-1β and TNF-α gene and protein expression in rat primary glial cell cultures and this was associated with reduced NF-κB p65 translocation to the nucleus (Bielecka et al., 2010). At odds with these findings, one study showed that phenelzine induced TNF-α and IL-6 expression in an NF-κB-dependent manner in LPS-activated microglial cells (Chung et al., 2012). This is unlikely to be reflective of this specific MAO-A/B inhibitor because phenelzine did reduce TNF-α expression in an in vivo animal model of LPS-induced periodontal disease (Ekuni et al., 2009).
Ischemia/reperfusion (I/R) tissue injury is a complex biological phenomenon that affects various tissues and organs and is dependent on the degree and length of time that blood flow is reduced. Cellular acidosis occurs, adenosine triphosphate generation is reduced, intracellular and mitochondrial calcium levels increase, and the regulation of cell volume is disrupted. Tissue reperfusion reinstates oxygen, yet the return of oxygen drives ROS generation. This increase in ROS generation induces cell and tissue damage and induces inflammation. Mitochondrial MAO is one of the enzymes that contribute to the overall generation of ROS molecules in the cell (Kalogeris et al., 2016). The brain, kidney, and heart are susceptible to ischemia/reperfusion tissue injury and MAO inhibitors reduced tissue injury in all of these models.
Nialamide (an irreversible MAO-A/B inhibitor) reduced neuroinflammation in a transient middle cerebral artery occlusion murine model. Specifically, nialamide reduced microglia and astrocytes numbers and TNF-α protein expression in the brain. Administration of nialamide even at 3 h post-ischemia effectively reduced neuronal injury and aided functional recovery (Liu et al., 2020). In a renal ischemia/reperfusion study, pargyline (irreversible MAO-B inhibitor) reduced IL-1β and TNF-α gene expression (Chaaya et al., 2011). The mechanism by which pargyline reduced cytokine expression was not examined. Nevertheless, it was previously established that renal ischemia/reperfusion is associated with a rapid increase in MAO-dependent hydrogen peroxide generation that occurs within 15 min of reperfusion. When pargyline was administered 15 min prior to ischemia, the hydrogen peroxide production was reduced (Kunduzova et al., 2002a; Kunduzova et al., 2002b). Ischemia/reperfusion injury in the heart is also associated with an increased expression of pro-inflammatory cytokines and chemokines (Frangogiannis, 2004; Najafi et al., 2018). Serotonin and catecholamines such as dopamine and norepinephrine play a significant role in cardiac function (Kaludercic et al., 2011; Kaludercic et al., 2014). Upregulation in monoamine oxidase activity due to increased substrate availability would result in an increase in hydrogen peroxide and aldehyde end products. These affect the transfer of electrons across the respiratory chain, which opens permeability transition pores that lead to cardiomyocyte death, oxidative damage, and heart failure. These finding support that monoamine oxidases may be a valid target for the management of I/R-associated cardiovascular damage (Deshwal et al., 2017). Changes in pro-inflammatory cytokine and chemokine expression by MAO inhibitors have not been directly examined in cardiac ischemia/reperfusion. Regardless, I/R-induced infarct size and infiltration of acute inflammatory cells in rat cardiac tissues were assayed for myeloperoxidase activity (i.e., neutrophil and monocytes recruitment), a marker of inflammation. Pargyline and clorgyline (irreversible MAO-A inhibitor) both reduced myeloperoxidase activity in cardiac tissues (Bianchi et al., 2005). MAO inhibitor-mediated reduction in cell recruitment may possibly be reflective of reduced chemokine expression.
Non-immune cells such as epithelial cells of mucosal tissues also express cytokines and chemokines in response to inflammation. Periodontal disease is a chronic inflammatory destructive oral mucosal disease that primarily occurs in response to Gram-negative bacteria in biofilm and the ensuing host immune response. In an LPS-induced rat model of periodontal disease, hydrogen peroxide and TNF-α significantly increased in the epithelium of diseased tissues. Adjunctive use of phenelzine reduced hydrogen peroxide, TNF-α, and reduced disease progression markers: epithelial cell proliferation, migration, and bone loss. In epithelial cell culture, deprenyl (aka selegiline; irreversible MAO-B inhibitor) and phenelzine reduced LPS-induced TNF-α protein expression. Smoking is also a potent driver of inflammation in lung mucosal tissues. Bronchial epithelial cells that are activated by cigarette smoke produce a wide variety of pro-inflammatory cytokines and chemokines (Barnes, 2016). In airway epithelial cell cultures, cigarette smoke medium induced oxidative stress and IL-8 protein expression and deprenyl reduced its expression (Cui et al., 2017). Cigarette smoke-containing medium increased oxidative stress (as measure by dihydrochlorofluorescein acetate) and this was reduced by deprenyl. Functionally, deprenyl fully reversed the effect of cigarette smoke on IκB kinase phosphorylation, degradation of IκB, and nuclear translocation of the NF-κB p65 subunit into the nucleus. In a cigarette smoke-induced chronic obstructive pulmonary disease model using rats, deprenyl (selegiline) reduced cigarette smoke-induced MAO-B activity. It did not alter total inflammatory cell infiltrate in bronchoalveolar lavage (BAL) nor did it reduce smoking-induced macrophage infiltrates in BAL. Even so, deprenyl significantly reduced BAL levels of cytokine-induced neutrophil chemoattractant, monocyte chemoattractant protein 1 and IL-6 in smoke-treated animals, and increased expression of the anti-inflammatory cytokine IL-10. These changes were associated with reduced phosphorylation of ERK1/2 and p38 MAPKs as well as reduced nuclear translocation of NF-kB p65 subunit in lung tissue extracts (Cui et al., 2020). MAO inhibitor reduction of cytokine expression may in part be explained by a reduction in oxidative stress molecules such as hydrogen peroxide. Indeed, cigarette smoke also has a number of aldehydes and these aldehydes induce pro-inflammatory cytokine expression (Sapkota and Wyatt, 2015). It is unclear whether the reduction of aldehydes due to MAO inhibitors may also play a role in the reduction of cytokine expression. In contrast to lung tissue, smoking reduced brain MAO-A levels relative to non-smokers. This inhibition of MAO-A in the brain by smoking may contribute to the difficulty of achieving cessation of smoking in patients with depression. Studies are needed to ascertain whether the level of MAO-A inhibition due to chronic smoking is associated with antidepressant effects (Fowler et al., 1996).
Altered MAO-A expression has been associated with high-grade prostate cancer (Gleason grade 4 and 5), tumorigenesis, metastasis, and poorer prognosis (Peehl et al., 2008; Wu et al., 2014; Liao et al., 2018; Shih, 2018; Yin et al., 2018). MAO-A protein and gene expression is increased in bone metastasis and inhibition of MAO-A activity with clorgyline reduced the onset of bone metastasis, metastasis burden, and mortality. Significantly, this reduction was associated with downregulation of sonic hedgehog signaling and stromal cell expression of IL-6 (Wu et al., 2017).
Inflammasomes are protein complexes that recognize inflammation-inducing signals and ultimately control the production of pro-inflammatory cytokines such as IL-1β and IL-18 (Strowig et al., 2012). Formation of inflammasome protein complex was triggered by MAO-B-induced ROS in LPS/ATP-stimulated murine bone marrow-derived macrophages and human monocyte-derived macrophages. MAO-B activity was required for the generation of ROS through a NF-κB-mediated mechanism. Inflammasome activation was associated with increased IL-1β gene and protein expression, and this was notably reduced with rasagiline co-treatment (Sanchez-Rodriguez et al., 2020).
Collectively, irreversible and reversible MAO-A, MAO-B, and MAO-A/B inhibitors have all been shown to significantly reduce inflammation-associated cytokine and chemokine gene and protein expression in a variety of cell culture and animal studies (Table 2). Understanding the regulatory mechanism(s) mediating these findings is critical to ascertain if MAO inhibitors are to be developed as anti-inflammatories.
MAO INHIBITOR–MEDIATED REDUCTION OF METABOLIC END PRODUCTS
MAO-mediated degradation of amines generates hydrogen peroxide (H2O2), aldehyde, and ammonium as metabolic end products (Figure 1-middle right), and all of these end products may potentially impact inflammation. In a rat aorta vascular ring model, LPS induced MAO-A and MAO-B expression and treatment with MAO-A and MAO-B selective inhibitors significantly reduced H2O2 generation and this was associated with improved vascular function (Ratiu et al., 2018). Hydrogen peroxide plays a role in physiologic signaling that is needed to induce inflammation, but high concentrations of H2O2 may induce DNA damage and modify proteins, lipids, and other molecules (Wittmann et al., 2012; Winterbourn, 2013; Sturza et al., 2019). Hydrogen peroxide is an oxidative stress molecule associated with the generation of ROS-associated molecules. By the Fenton reaction, unquenched H2O2 can react with metal ions to form hydroxyl radicals (●OH) and hydroxide ions (OH−). These radicals are associated with irreversible oxidative damage in cellular targets (Oyewole and Birch-Machin, 2015; Pavlin et al., 2016). Hydroxyl radicals are highly reactive, their toxicity is non-selective and there are no enzymes to specifically detoxify it (Pavlin et al., 2016). Hydrogen peroxide can induce inflammation by activation of NFκB, a key regulatory molecule in inflammation (Wittmann et al., 2012). In gastric epithelial cells, hydrogen peroxide-induced expression of IL-8 gene and protein expression was mediated through NFκB activation (Kim et al., 2011). Overall, hydrogen peroxide generation is a key and needed regulator of inflammation, but increases can lead to significant mitochondrial damage and unwanted inflammation (van der Vliet and Janssen-Heininger, 2014; Deshwal et al., 2017). This overloading is thought to play an important role in the pathogenesis of a number of chronic and autoimmune inflammatory diseases (Di Dalmazi et al., 2016; Pravda, 2020).
Generation of biogenic aldehydes has a significant effect on neuroinflammation associated with Alzheimer’s and cardiovascular disease-associated fibrosis, vascular changes, and cardiac hypertrophy (Pan et al., 2016; Nelson et al., 2017; Joshi et al., 2019). Specifically, MAO-dependent aldehyde generation induced mitochondrial dysfunction and ultimately led to heart failure in a pressure overload animal model (Deshwal et al., 2017). Biogenic aldehydes are formed by enzyme-dependent oxidation of primarily glucose, unsaturated lipids, and primary amines. Oxidative deamination of norepinephrine and dopamine by monoamine oxidase enzymes forms catecholaldehydes 3,4-dihydroxyphenylglycolaldehyde (DOPEGAL) and 3,4-dihydroxyphenylacetaldehyde (DOPAL), respectively, and hydrogen peroxide (Nelson et al., 2017). DOPAL—an aldehyde—is toxic because of its two reactive functional groups (catechol and aldehyde) that result in DOPAL-mediated protein cross-linking (Rees et al., 2009). DOPAL is further oxidized to 3,4-dihydrophenylacetic acid (DOPAC) via aldehyde dehydrogenase 2 (ALDH2) (Jinsmaa et al., 2009) (Figure 2). In an atherosclerotic plaque mouse model, ALDH2 gene silencing (increased aldehydes) was associated with increased phosphorylation of NF-kB p65, AP-1, and MAPK, and downstream expression of inflammatory molecules ICAM-1, MMP-2, IL-6, and MCP-1. Conversely, ALDH2-induced overexpression (decreased aldehydes) triggered the opposite effects (Pan et al., 2016). Altogether, increased aldehyde generation and accumulation can serve as an inflammatory driver.
[image: Figure 2]FIGURE 2 | Catecholamine pathway for biosynthesis and MAO-mediated degradation. ADH, alcohol dehydrogenase; AR, aldehyde reductase; ALDH, aldehyde dehydrogenase; COMT, catechol-O-methyltransferase; DOPAC, 3,4-dihydroxyphenylacetic acid; DOPAL, 3,4-dihydroxyphenylacetaldehyde; DOPEGAL, 3,4-dihydroxyphenylglycolaldehyde; HVA, homovanillic acid; L-DOPA, L-3,4-dihydroxyphenylalanine; MAO-A/B, monoamine oxidases A and B; MOPEGAL, 3-methoxy-4-hydroxyphenylglycolaldehyde; PNMT, phenolethanolamine-N-methyltransferase; VMA, vanillylmandelic acid.
Ammonia is also a by-product of MAO enzyme activity, although its direct effect on inflammation is less clear. In hepatic encephalopathy (HE), infection and inflammation play a role in its precipitation and development and it acts in concert with hyperammonemia. Liver injury is associated with concurrent hyperammonemia and immune system dysregulation and severity of HE was dependent on both aspects (Tranah et al., 2013). The significance of MAO enzyme induction of ammonium and its role in mediating disease-associated inflammation has not been examined. All things considered, MAO enzyme activity is associated with the generation of several metabolic end products. If these metabolic end products are increased beyond the biological capacity of the tissues, they may play a role in driving inflammation and ultimately disease. Reduction of these metabolites due to MAO inhibitors does at least in part explain some of their mechanism of action. However, MAO inhibitors—by their inhibition of MAO enzyme activity—significantly increase catecholamines and this increase also regulates inflammation.
MAO INHIBITOR–MEDIATED INCREASE IN CATECHOLAMINE SUBSTRATES
Catecholamines are monoamines that include dopamine, norepinephrine (noradrenalin), and epinephrine (adrenalin), and all are derived from the amino acid tyrosine or indirectly from phenylalanine. Phenylalanine can be converted to tyrosine by phenylalanine hydroxylase (Ise et al., 1988). Tyrosine hydroxylation by tyrosine hydroxylase generates L-DOPA, which in turn is converted to dopamine by DOPA decarboxylase (also known as aromatic L-amino acid decarboxylase). Norepinephrine is synthesized from dopamine by hydroxylation with dopamine β-hydroxylase and epinephrine is subsequently synthesized from norepinephrine by phenylethanolamine-N-methyltransferase. Degradation of catecholamines begins primarily by monoamine oxidase-mediated deamination (Figure 2). Meanwhile, to a lesser degree, catechol-O-methyltransferase (COMT) methylation of catecholamines also occurs (not shown). Aldehyde reductase, alcohol dehydrogenase, and aldehyde dehydrogenase complete metabolic degradation to form homovanilic acid from dopamine and vanillyl mandelic acid from (nor)epinephrine (Eisenhofer et al., 2004; Fernstrom and Fernstrom, 2007; Jung-Klawitter and Kuseyri Hubschmann, 2019; Nolan and Gaskill, 2019; Goldstein, 2020).
These catecholamines are described as neurotransmitters and as hormones that regulate physiological processes and are associated with neurological, psychiatric, endocrine, and cardiovascular diseases (Eisenhofer et al., 2004). Furthermore, a third peripheral catecholaminergic system in which dopamine acts as an autocrine/paracrine mediator of local tissue function has also been described (Goldstein et al., 1995). In this model, dopamine within cells can be synthesized in several ways: from circulating DOPA that escapes from sympathetic nerves and adrenal medulla, tyrosine to DOPA conversion, or DOPA production by demethylation of circulating methoxytyrosine (Goldstein et al., 1995). DOPA synthesis from tyrosine in cells that express tyrosine hydroxylase has been described in a variety of immune cells (Jiang et al., 2006; Matt and Gaskill, 2020). Monocytes/macrophages synthesize catecholamines and—when stimulated with LPS—showed increased tyrosine hydroxylase expression and increased levels of dopamine, norepinephrine, and epinephrine (Cosentino et al., 2000; Brown et al., 2003; Flierl et al., 2007; Barnes et al., 2015). T cells, B cells, and polymorphonuclear leukocytes (PMNs) also express tyrosine hydroxylase and synthesize catecholamines (Harmony et al., 1975; Bergquist et al., 1994; Cosentino et al., 2000; Flierl et al., 2007). Rank order of intracellular dopamine and (nor)epinephrine levels showed that T- and B-lymphocytes were relatively equivalent and higher than monocytes, which were higher than granulocytes (Cosentino et al., 2000). Dopamine synthesis in non-immune cells has also been described. Dopamine synthesis by alveolar epithelial cells was reflective of L-DOPA cell uptake and intracellular conversion to dopamine by cellular aromatic L-amino acid decarboxylase (AADC) (Adir et al., 2004). Catecholamines do regulate immune responses. Stimulation of PMNs with (nor)epinephrine reduced markers of cell activation (Scanzano et al., 2015). Dopamine is recognized as a catecholamine that modulates immune responses (Pinoli et al., 2017; Matt and Gaskill, 2020). Dopamine reduced expression of interferon-γ by Con A-stimulated lymphocytes (Bergquist et al., 1994). Of interest, pargyline treatment of Concanavalin A-stimulated lymphocyte cultures significantly increased intracellular and supernatant levels of dopamine, norepinephrine, and epinephrine. Increased catecholamines were associated with attenuation of lymphocyte proliferation, and this process was regulated by catecholamine selective receptors (Qiu et al., 2005). Treatment of rat pheochromocytoma PC12 cells with an irreversible MAO-A inhibitor (clorgyline) and MAO-B inhibitors (rasagiline and deprenyl) increased dopamine and norepinephrine in the medium and cells (Goldstein et al., 2016). Local increase in pericellular catecholamines may regulate inflammation through adrenergic and dopaminergic receptor signaling pathways.
CATECHOLAMINE RECEPTOR–MEDIATED SIGNALING: ADRENERGIC RECEPTORS
(Nor)epinephrine signaling is mediated by seven transmembrane GTP-protein coupled adrenergic receptors (ARs). These receptors activate GTP-binding regulatory G proteins and in turn are effectors of adenylyl cyclase and phospholipase C. ARs are classified into three major types (α1, α2, and β) and each is further divided into three subtypes (Strosberg, 1993; Scanzano and Cosentino, 2015). Granulocytes, monocytes/macrophages, mast cells, and lymphocytes express both α1-AR and β2-AR. Generally, stimulation of α1-AR and β2-AR expressed on immune cells can either drive or inhibit inflammation, respectively (Bellinger and Lorton, 2014; Scanzano and Cosentino, 2015). Blocking of α2-AR signaling was also associated with reduced expression of TNF-α in macrophages (Spengler et al., 1994; Barnes et al., 2015). Conversely, stimulation of β2-AR with agonists reduced TNF-α gene and protein expression in macrophages (Spengler et al., 1994) and activation of PMNs (Scanzano et al., 2015). Inhibition of LPS-induced TNF-α expression in rats by an anti-glaucoma drug (GLC756) was mediated by its antagonistic effect on α2 adrenoreceptors and its agonist effect on β2 adrenoreceptors (Laengle et al., 2006). Pargyline inhibition of lymphocyte proliferation was mediated by a drug-induced increase in intracellular and extracellular catecholamines and subsequent β-adrenoreceptor signaling and cAMP activation (Qiu et al., 2005). Ligation of β2-AR also interferes with activation of NF-κB, a major regulator of immunity and inflammation. The β2-AR inhibition of NF-κB phosphorylation, nuclear translocation, DNA binding, and transcriptional activity has been described in a variety of immune and non-immune cells, although the point of crosstalk between β2-AR and NF-κB varies; it can be positive or negative and is very cell-type specific and context-dependent (Kolmus et al., 2015). These data support that MAO inhibitor-mediated increase in catecholamines may mediate immune cell response and impact cytokine expression via adrenergic receptor-mediated signaling.
CATECHOLAMINE RECEPTOR–MEDIATED SIGNALING: DOPAMINE RECEPTORS
Dopamine in the paracellular compartment can signal through a family of dopamine receptors (DRs) that belong to a large family of G protein-coupled receptors. There are five DRs that are grouped into two subclasses: D1-like class (DR1 and DR5) and D2-like class (DR2, DR3, and DR4) (Beaulieu and Gainetdinov, 2011; Beaulieu et al., 2015; Gurevich et al., 2016). In the CNS, DR1, DR2, and DR5 are most highly expressed but their distribution varies. In contrast, DR3 and DR4 are expressed at lower levels and are more limited. In non-CNS tissues, all receptor subtypes are detected but vary in relative expression based on the tissue examined (Beaulieu and Gainetdinov, 2011; Handa et al., 2019). Dopamine receptors can signal through multiple pathways. DR1-like receptors can couple with Gαs/olf proteins and D2-like receptors are coupled to Gαi/o proteins and they either stimulate or inhibit cAMP activation, respectively (Jage, 1989; Klein et al., 2019). Downstream D1-like class receptors in turn regulate protein kinase A (PKA) and exchange proteins activated by cAMP (EPAC 1 and EPAC2). Alternatively, DR1-like receptors can couple to Gαq to activate phospholipase C (PLC), leading to the formation of inositol trisphosphate (IP3) and diacylglycerol (DAG) and subsequent mobilization of Ca+2 and protein kinase C (PKC) activation (Beaulieu and Gainetdinov, 2011; Beaulieu et al., 2015). D2-like receptors inhibit cAMP activation but can signal through the Gβγ subunit, which in turn activates PLC and increases intracellular Ca+2. In addition, G protein-independent DR2 receptors regulate β-Arrestin 2 (βArr2) signaling. βArr2 acts as a molecular scaffold and plays a role in dopamine regulation of serine/threonine kinases Akt (protein kinase B) and glycogen synthase kinase 3 (GSK3) (Beaulieu and Gainetdinov, 2011; Beaulieu et al., 2015). Accordingly, dopamine binding to this family of receptors can signal through multiple pathways that in turn can mediate a variety of cellular responses. Cellular responses to dopamine are based on receptor type, relative expressions levels, and can change based on the state of cell activation (Pinoli et al., 2017; Matt and Gaskill, 2020). Therefore, any changes in the local concentration of dopamine may ultimately impact inflammatory responses.
MAO INHIBITORS: CATECHOLAMINES REGULATE OSTEOCLASTOGENESIS
Regulation of inflammation by MAO inhibitor-mediated increase of catecholamines has been examined from the perspective of osteoclastogenesis and bone loss. Osteoclasts—which ultimately regulate bone resorption—are derived from monocyte/macrophage hematopoietic cells (Teitelbaum and Ross, 2003; Koide et al., 2017; Furuya et al., 2018). Differentiation along the osteoclast lineage is driven by macrophage colony-stimulating factor (M-CSF) and the receptor activator of nuclear factor-kappa β ligand (RANKL). RANKL is expressed by osteoblasts, T- and B-lymphocytes, stromal and osteocyte cells, and fibroblasts (Teitelbaum and Ross, 2003; Di Benedetto et al., 2013; Xiong et al., 2015). RANKL binding to its receptor on the pre-osteoclast cell surface triggers activation of nuclear factor of activated T cells, cytoplasmic tail 1 (NFATc1), and c-Fos transcription factors, which are required for osteoclastogenesis (Teitelbaum and Ross, 2003). RANKL-mediated differentiation is inhibited by the RANKL decoy receptor, osteoprotegerin (OPG) (Teitelbaum and Ross, 2003; Gruber, 2019). A balance between RANKL and OPG regulates osteoclast-mediated bone loss; however, inflammatory bone diseases are associated with increased osteoclast differentiation and function and ultimately bone loss.
Phenelzine reduced rat periodontal disease-associated bone loss but the mechanism regulating this effect was not explored (Ekuni et al., 2009). Tranylcypromine reduced M-CSF and RANKL-mediated bone marrow monocyte (BMM) osteoclast differentiation and function. This reduction was via reduced Akt, NFATc1, and c-fos signaling (Liu et al., 2019). Although MAO-A and MAO-B were detected in BMM cells, only MAO-A expression was either induced or reduced by RANKL and tranylcypromine, respectively. Tranylcypromine reduced MAO-A activity and MAO-A knockdown reduced osteoclast number and function (Liu et al., 2019). Tranylcypromine reduced LPS-mediated calvarial bone loss and osteoclast numbers in mice. In addition, tranylcypromine reversed both osteoblast decrease and osteoclast increase in ovariectomized mice and improved femur bending stiffness and strength, elastic modulus, and maximum bending strength (Liu et al., 2019).
Understanding the mechanism by which MAO inhibitors mediate their effect on osteoclast differentiation and function has not been fully elucidated. Accumulation of mitochondrial hydrogen peroxide is a potent driver of osteoclast differentiation and bone loss in ovariectomized mice and its reduction reduced bone loss (Bartell et al., 2014). Nonetheless, it was recently shown that MAO metabolism of dopamine did not increase cytosolic hydrogen peroxide levels, but in fact leads to increased electron chain activity (Graves et al., 2020). These data suggest that catecholamine increase may possibly regulate osteoclast signaling. Dopamine/DR signaling does have an important regulatory role in osteoclasts differentiation and function but this is dopamine-receptor specific (Nakashioya et al., 2011; Hanami et al., 2013a; Hanami et al., 2013b; Yang et al., 2016; Motyl et al., 2017; Handa et al., 2019; Wang et al., 2021). No significant effect on osteoclast differentiation and function was found when human and mouse monocyte cultures were treated with a DR1-agonist (Hanami et al., 2013a; Hanami et al., 2013b; Yang et al., 2016; Wang et al., 2021; Table 3). Treatment of cultures with a DR1-antagonist had primarily no effect on osteoclastogenesis (Hanami et al., 2013a; Yang et al., 2016; Wang et al., 2021), although one study did show DR1-antagonist inhibition of osteoclastogenesis (Nakashioya et al., 2011). In contrast, human and mouse osteoclast differentiation and function were significantly inhibited with DR2-like agonists. In addition, dopamine-mediated inhibition of osteoclastogenesis was negated by DR2-like receptor antagonists (Hanami et al., 2013a; Hanami et al., 2013b; Yang et al., 2016; Handa et al., 2019; Wang et al., 2021). Dopamine regulation of osteoclastogenesis through DR2 signaling inhibited cAMP activation and reduced activation of PKA and CREB signaling (Handa et al., 2019). Taken together, dopamine regulates osteoclast differentiation and DR2 appears to play a critical role. DRs vary in their affinity for dopamine and signaling can be changed based on relative dopamine concentration (Melnikov et al., 2020). Whether an MAO inhibitor-mediated increase in dopamine drives altered DR signaling in the context of osteoclastogenesis requires further investigation.
TABLE 3 | Dopamine receptor regulation of osteoclast differentiation and function.
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A historical clinical report that described nine patients who were treated with MAO inhibitors (tranylcypromine, phenelzine, and isocarboxazid) for their depression also reported a significant reduction of joint pain and stiffness. Four of these patients had rheumatoid arthritis (Lieb, 1983). Rheumatoid arthritis (RA) is a chronic autoimmune inflammatory joint disease causing cartilage and bone destruction. Joint swelling reflects synovial membrane inflammation subsequent to infiltration by leukocytes, innate, and adaptive immune cells (Smolen et al., 2016). The immune cell-rich environment is associated with expression of inflammatory cytokines and chemokines such as TNF-α and IL-6. Activated fibroblasts in association with activated T and B cells, monocytes, and macrophages ultimately drive osteoclast differentiation via expression of RANKL. Osteoclasts form bony erosions beginning at the junction of cartilage, periosteal synovial membrane insertion, and bone (Scott et al., 2010; Smolen et al., 2016).
Arthritic joint inflammation has been examined using [11C]-D-deprenyl, an enantiomer of L-deprenyl (selegiline). In comparison to L-deprenyl, D-deprenyl is a less potent inhibitor of MAO-B and inhibits MAO-A and has been used as a radioligand tracer with positron emission tomography (PET) imaging (Knoll and Magyar, 1972; Robinson, 1985). PET imaging of RA patients’ inflamed knee joints showed high tracer uptake in the inflamed joint synovium and this uptake was reduced 50% after glucocorticoid treatment (Danfors et al., 1997). This uptake was not solely specific to arthritic diseases because subsequent studies showed D-deprenyl tracer uptake in inflamed joints that were associated with traumatic ankle sprains and whiplash-associated disorders. In both cases, tracer uptake was localized to joint-associated soft tissues (Linnman et al., 2011; Aarnio et al., 2017). Patients experiencing persistent pain had prolonged D-deprenyl uptake (Aarnio et al., 2017). Frozen synovial membranes collected from RA and osteoarthritis (OA) patients showed MAO-B protein expression; this did not change with the inflammatory grade but relative binding of D-deprenyl did correlate with synovial inflammation (Lesniak et al., 2018). High-throughput enzyme screening assay identified that MAO-B was the most likely primary binding target of D-deprenyl but binding to MAO-A and angiotensin-converting enzyme (ACE) was also identified (Lesniak et al., 2016). Clarifying MAO isotypes and defining which cell population(s) in inflamed joints express MAO protein need further study.
Cells isolated from synovial tissues from RA and OA patients were found to be tyrosine hydroxylase (required for catecholamine synthesis) and VMAT2 positive (required for vesicular storage of catecholamines) (Capellino et al., 2010; Thomas Broome et al., 2020). Tyrosine hydroxylase (TH) positive cells were not found in control tissues. In RA and OA samples, TH positive cells were identified as macrophages, B cells, and fibroblasts. In RA samples, mast cells and neutrophils were also TH positive. Treatment of the cultures for short periods with reserpine inhibited TNF-α expression in these cells and local administration of reserpine improved the clinical score of collagen type II-induced arthritis in mice. Treatment of immune cells with reserpine reduced intracellular and increased extracellular catecholamines in cell culture medium at 24 and 48 h (Cosentino et al., 1999; Cosentino et al., 2000). However, a single short-term treatment with reserpine may increase cytoplasmic levels of catecholamines for a few hours (Lundborg, 1969; Capellino et al., 2010). These data support that localized peri (cellular) increase in catecholamines can dampen inflammation (Lundborg, 1969; Capellino et al., 2010). The effect of MAO inhibitors was examined in synovial cell cultures that were maintained under hypoxic conditions. Hypoxia induced tyrosine hydroxylase and catecholamine synthesis and reduced TNF-α expression. Blocking tyrosine hydroxylase (i.e., decreasing catecholamine synthesis) negated this effect and most significantly, the MAO-A/B inhibitor bifemelane (reversible MAO-A and irreversible MAO-B inhibitor) and a COMT inhibitor (collectively increasing catecholamine levels) significantly reduced TNF-α (Jenei-Lanzl et al., 2015). Early changes in intracellular catecholamine levels were not examined but at 24 h there was a significant increase in dopamine and norepinephrine levels in the cell culture supernatant (Jenei-Lanzl et al., 2015). Expression of pro-inflammatory cytokines such as TNF-α and IL-6 are critical drivers of synovial inflammation (Smolen et al., 2016).
Dopamine receptors do vary in their expression and relative affinity for dopamine so it is quite feasible that increased dopamine can trigger different DRs (Melnikov et al., 2020). DR2 agonists have shown a positive impact on joint inflammation but results vary based on the study and agonists examined (Capellino, 2020). A potential receptor-independent mechanism by which intracellular dopamine can mediate inflammation has also been described. In microglial cell cultures, dopamine attenuated LPS-induced expression of TNF-α, IL-1β, and IL-6 was not blocked by D1-like and D2-like receptor antagonists nor were they mimicked by D1-like and D2-like agonists (Yoshioka et al., 2020). However, dopamine attenuation of LPS-induced cytokine expression and NF-κB translocation to the nucleus occurred through formation of dopamine quinone (Yoshioka et al., 2020). Dopamine quinone forms by its auto-oxidation and covalent conjugation to cysteine residue sulfhydryl groups on proteins and results in the formation of quinoproteins (Sulzer and Zecca, 2000). Dopamine attenuation of LPS-induced cytokine expression was due to the formation of dopamine quinone (Yoshioka et al., 2020).
MAO INHIBITOR DRUG DEVELOPMENT
A review of monoamine oxidase inhibitor patents from 2012–2017 outlined a growing number of compounds that have been licensed as MAO inhibitors. These include novel synthetic compounds, natural compounds that have MAO inhibitory effects but with less restrictive side effects, and development of dual or multi-targeted inhibitors to target multifactorial diseases (Carradori et al., 2012; Carradori and Petzer, 2015; Carradori et al., 2018). Development of novel reversible and selective MAO-B inhibitors with reduced penetration into the CNS is one strategy that has been pursued to reduce CNS and diet-associated side effects (Gealageas et al., 2018). Repurposing of MAO inhibitor drugs is being tested for a variety of non-CNS diseases such as hair growth, ocular disease, muscular dystrophy (Menazza et al., 2010; Vitiello et al., 2018), sexual dysfunction, cardiovascular disease (Deshwal et al., 2017), and cancer (Shih, 2018). New and known coumarins have been synthesized and several have distinct antioxidant and anti-inflammatory effects. In particular, coumarin-stilbene analogs show selective MAO-B inhibitory effects (Detsi et al., 2017). All in all, MAO inhibitors are being actively developed for a wide spectrum of novel therapeutic uses.
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
MAO inhibitors have a long history of successful clinical use to manage CNS diseases such as depression, Parkinson’s, and Alzheimer’s. There is also an abundance of literature showing that MAO-A, MAO-B, and MAO-A/B inhibitors have CNS and non-CNS-associated anti-inflammatory effects in diseases of epithelial and soft and hard connective tissues. These data support their anti-inflammatory effects, but a concerted effort is needed to help focus which chronic inflammatory diseases are the best targets to select for expanded clinical testing. In conjunction, examining MAO-A and MAO-B expression in healthy and affected tissues and in recruited immune cells is needed to better understand the role(s) of MAOs in disease pathogenesis and will help to direct the selection of the most appropriate MAO inhibitors to test. Associated with these studies is a need to expand mechanistic studies as well. MAO inhibitors have broad-reaching cellular effects. They reduce metabolic end products such as hydrogen peroxide and aldehyde, and this reduction clearly has anti-inflammatory effects. Notwithstanding, MAO inhibitors also increase cellular and pericellular catecholamine levels. Catecholamines such as dopamine, norepinephrine, and epinephrine can be synthesized, stored, and released by immune and non-immune cells, and catecholamine signaling is associated with a reduction of inflammation. MAO inhibitors can increase both intracellular and extracellular catecholamines, and both can impact signaling. An increase in intracellular catecholamines may drive receptor-independent signaling. Alternatively, an increase in pericellular catecholamines may signal in a receptor-dependent manner. The diverse adrenergic and dopaminergic receptor families have different and divergent effects on inflammation and selective stimulation through their respective subtypes, and can dramatically alter the inflammatory response. When MAO inhibitors are being tested for therapeutic efficacy in inflammatory disease models, it is critical to expand mechanistic studies to examine these divergent signaling mechanisms. The prospect of either repurposing existing or developing novel MAO inhibitors for the management of chronic inflammatory diseases is a promising and exciting area of investigation.
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Background: One of the important pathogenesis of acute respiratory distress syndrome (ARDS) is the dysfunction of pulmonary microvascular endothelial barrier induced by a hyperinflammatory immune response. However, the potential mechanisms of such an imbalance in pulmonary microvascular endothelial cells (PMVECs) are not yet understood.
Purpose: Explore the molecular mechanism of endothelial barrier dysfunction induced by inflammatory immune cytokines in ARDS, and find a therapeutic target for this syndrome.
Methods: Rat PMVECs were cultured to form a monolayer. Immunofluorescence, flow cytometry, and Western blotting were selected to detect the distribution and the expression level of phosphorylated Ezrin protein and Ezrin protein. Transendothelial electrical resistance (TER) and transendothelial fluxes of fluorescein isothiocyanate (FITC)-labeled bovine serum albumin (BSA) were utilized to measure the permeability of the cell monolayer. Ezrin short hairpin RNA (shRNA) and Ezrin 567-site threonine mutant (EzrinT567A) were used to examine the role of Ezrin protein and phosphorylated Ezrin protein in endothelial response induced by tumor necrosis factor-alpha (TNF-α), respectively. The function of focal adhesion kinase (FAK) and Ras homolog gene family, member A (RhoA) signaling pathways were estimated by inhibitors and RhoA/FAK shRNA in TNF-α-stimulated rat PMVECs. The activation of FAK and RhoA was assessed by Western blotting or pull-down assay plus Western blotting.
Results: The TER was decreased after TNF-α treatment, while the Ezrin protein phosphorylation was increased in a time- and dose-dependent manner. The phosphorylated Ezrin protein was localized primarily at the cell periphery, resulting in filamentous actin (F-actin) rearrangement, followed by a significant decrease in TER and increase in fluxes of FITC-BSA. Moreover, FAK and RhoA signaling pathways were required in the phosphorylation of Ezrin protein, and the former positively regulated the latter.
Conclusion: The phosphorylated Ezrin protein was induced by TNF-α via the FAK/RhoA signaling pathway leading to endothelial hyperpermeability in PMVECs.
Keywords: acute respiratory distress syndrome, inflammatory immune response, endothelial permeability, Ezrin protein, molecular mechanism
INTRODUCTION
Acute respiratory distress syndrome (ARDS) is an acute respiratory failure caused by a variety of factors. It is a challenging clinical problem because of high mortality (40%) and limited treatment options (Bellani et al., 2016). The pathogenesis of ARDS is complex, involving different immune cells from innate and acquired immune systems to produce different inflammatory immune cytokines such as tumor necrosis factor-alpha (TNF-α) and ultimately leading to noncardiogenic pulmonary edema. Patients with ARDS afflicted with noncardiogenic pulmonary edema are caused by increased pulmonary microvascular permeability (Ranieri et al., 2012), in which the semipermeable barrier of pulmonary microvascular endothelial cells (PMVECs) plays a key role (Villar et al., 2019). The structure of PMVEC barrier is composed of tight junctions, adhesion junctions, and gap junctions between endothelial cells (ECs). Tight junctions bind to cytoskeletal actin through the cytoplasmic tail of transmembrane proteins such as occludin and claudin. Adhesion junctions and gap junctions bind to cytoskeletal actin via some proteins which can combine with the cytoplasmic tail of transmembrane proteins such as VE-cadherin and occludin. The adhesion between ECs and extracellular matrix is mediated by integrin and actin. These junctions are involved in maintaining the integrity of the endothelial barrier and related to the change in cytoskeletal actin (Bazzoni and Dejana, 2004; Naikawadi et al., 2012). Therefore, finding an intrinsic target for inhibiting filamentous actin (F-actin) recombination will be a new direction for studying the pathogenesis of ARDS.
Ezrin protein, a member of the ERM (Ezrin, radixin, and moesin) protein family, serves as a cross linker between F-actin and the plasma membrane. It exists in two convertible constitutions. A closed constitution in which the N and C termini are embraced in an intramolecular association or an open one that results from binding to phosphatidylinositol 4, 5-bisphosphate (PIP2), followed by phosphorylation of threonine 567 in the C-terminal F-actin-binding domain. The open constitution enables the Ezrin protein to link the plasmolemma to F-actin (Fievet et al., 2004). It can transmit different molecular signals on the surface of the membrane and execute various biological functions, such as cellular metabolism, adhesion, proliferation, and migration (Ben-Aissa et al., 2012). Despite the structural similarities of ERM and functional redundancy (Fievet et al., 2004), the roles of these three proteins in the endothelial barrier are different. For example, Adyshev et al. showed that radixin siRNA alone attenuates sphingosine-1 phosphate (S1P)-initiated human pulmonary artery EC barrier enhancement, and a partial attenuation can be obtained using Ezrin silencing, while moesin depletion exerts an opposite effect (Adyshev et al., 2011). Depletion of either moesin or ERM proteins attenuates thrombin-induced F-actin rearrangement and paracellular gap formation and decreases the transendothelial electrical resistance (TER), while radixin silence has an opposite effect on the endothelial barrier (Adyshev et al., 2013). Herein, an in-depth investigation of Ezrin protein is essential to study the regulatory mechanisms of PMVEC permeability. Mechanically, the signaling pathways are factually indispensable while studying Ezrin protein. In this study, Ras homolog gene family, member A (RhoA) and focal adhesion kinase (FAK) signaling pathways were considered in detail. Growing evidence reported that RhoA and FAK signaling pathway participates in endothelial hyperpermeability (Zhang et al., 2014; Alexopoulou et al., 2017; Zamorano et al., 2019). Moreover, FAK can regulate Ezrin protein (Bryant et al., 2014), and both could be related to Rho signaling pathways, especially RhoA (Huang et al., 2012).
To date, few studies have specifically addressed the involvement of Ezrin protein alone in the regulation of PMVEC monolayer permeability. We previously detected the expression level of phosphorylated Ezrin protein and found that it interacts with Rac1 signaling pathway to regulate PMVECs permeability (Tang et al., 2021). In this study, we intend to further synchronously observe the effects of the distribution and expression level of phosphorylated Ezrin protein on F-actin and endothelial permeability in TNF-α-stimulated PMVECs, and explore whether this process can be realized via RhoA and FAK signaling pathways, which, to our best knowledge, has not been reported. Encouragingly, it was found that after TNF-α treatment, the F-actin and the endothelial permeability were positively regulated by phosphorylated Ezrin protein in PMVECs, which was the downstream target of FAK/RhoA signaling events. This study will help to find the molecular targets for the treatment of ARDS in the downstream of complex inflammatory immune response.
METHODS AND MATERIALS
Reagents
Recombinant rat TNF-α was purchased from PeproTech Inc (#400-14, Rochy Hill, NJ, United States). Ezrin and phospho-threonine567Ezrin (Thr567) polyclonal antibodies and high glucose Dulbecco’s Modified Eagle’s Medium (DMEM) were all purchased from Invitrogen (Ezrin, # PA5-82769, phospho-threonine567Ezrin, # PA5-37763, DMEM, SH30022.01, Carlsbad, CA, United States ). FAK and phospho-tyrosine397 FAK (Tyr397) antibodies were bought from Cell Signaling (FAK, # 3285, phospho-tyrosine397 FAK, # 3283, Danvers, MA, United States). C3 transferase was obtained from Cytoskeleton (# CT03, Denver, CO, United States). PF-573228, rhodamine-conjugated phalloidin, and fluorescein isothiocyanate phytohemagglutinin (FITC-BSI) were obtained from Sigma-Aldrich (PF-573228, PZ0117, rhodamine-conjugated phalloidin, P1951, FITC-BSI, L2895, St. Louis, MO, United States). FITC-labeled bovine serum albumin (FITC-BSA) and unlabeled BSA were procured from Beijing Solarbio Life Sciences (FITC-BSA, SF063, BSA, A8010, Beijing, China). Alexa Fluor 488-conjugated AffiniPure goat anti-rabbit IgG (H + L) was from Jackson Immumo Research Inc. (111–545–003, West Grove, PA, United States). We bought Horseradish peroxidase (HRP)-labeled antibody against rabbit IgG from Beijing Zhongshan Jinqiao Biotechnology Co., Ltd. (# ZB-2301, Beijing, China). The cell culture chambers of Transwell clear polyester membrane (12-well type, 12 mm diameter, 0.4 μm pore size) were gained from Costar (3460, Cambridge, MA, United States). Fetal bovine serum (FBS) was from Gibco (10099-141, CA, United States). Goat serum, Triton X-100, DNA-binding dye 2-(4-amidinophenyl)-6-indolecarbamidine dihydrochloride (DAPI), and antifade mounting medium were procured from Shanghai Absin Biotechnology Co., Ltd. (Goat serum, abs933, Triton X-100, abs9149, DAPI, abs47047616, antifade mounting medium, abs9234, Shanghai, China).
Animals
The animal studies were ratified by the Institutional Animal Experimentation Ethics Committee of Anhui Medical University (approval no. LLSC20190752). All experiments conformed to the relevant regulations of animal protection. The adult male specific-pathogen-free Sprague–Dawley Rattus norvegicus (rats), aged 4.3 ± 0.2 weeks and weighing 115 ± 10 g, were provided by Anhui Medical University Animal Center, China (SCXK(Wan) 2017-001). The rats were outbred and maintained under a natural cycle of day and night with free access to water and food at ambient temperature (22–24°C).
Cell Culture
After the animal study protocol was approved by the Institutional Animal Experimentation Ethics Committee of Anhui Medical University, the isolation and culture of primary rat PMVECs were performed as depicted previously (You et al., 2010). In simple terms, the fresh lung was aseptically taken down from the sacrificed male Sprague–Dawley rats. After the pleura was cut off, the outer edges of the remaining lung tissues without large blood vessels were collected. Then, we plated the tissues (1.5 mm3) into cell culture flasks containing 20% (vol/vol) FBS of DMEM under 5% (vol/vol) CO2 in an incubator (37°C). We dislodged the residue lung tissues after 60 h and changed the culture medium every 3 days. The cells were identified as PMVECs due to cobblestone morphology and positive FITC-BSI binding test as assessed by fluorescence microscope (Axio Observer 3, Zeiss, Oberkochen, Germany) (Supplementary Figure S4). The experimental information was gathered from cells in 3rd–5th generations.
Evaluation of Endothelial Monolayer Permeability
In order to construct a monolayer of cells in vitro, rat PMVECs (2 × 105 cells/cm2) were seeded on gelatin-coated transwell polyester membranes, that is, rat PMVECs were seeded on transwell chamber in 12-well plates. The monolayer confluence of rat PMVECs was judged by TER and inverted microscope. Subsequently, the cells were cultured in a low-serum medium (DMEM supplemented with 1% FBS) for 24 h to allow synchronous growth up to a quiescent phase, followed by incubation with normal culture medium (DMEM supplemented with 20% FBS) with or without stimuli. The change in the endothelial permeability was detected by both TER and trans-endothelial flux of FITC-BSA. TER was examined using an epithelial volt–ohm meter and STX-2 electrodes (EVOM; World Precision Instruments, Sarasota, FL, United States) in accordance with the operating instructions of the instrument. To measure the trans-endothelial flux of FITC-BSA across the endothelial monolayer of cultured rat PMVECs, after stimulation, fresh phenol red-free DMEM containing FITC-BSA (0.5 mg/ml) was added on the top chamber and an equimolar amount of unlabeled BSA mixed with phenol red-free DMEM was put into the bottom chamber to maintain isotonic condition, the chamber was incubated in an incubator (1 h, 37°C). The samples were collected from the top and bottom chamber and analyzed on a multimode plate reader (EnSpire®, PE, United States) at excitation 493 nm and emission 550 nm wavelengths. We calculated the flux of FITC-BSA via the rate of fluorescence intensity in the bottom chamber (1 h) and the top chamber (0 h) (Yang et al., 2010). The data were exhibited as a ratio of change value to the control group.
Immunofluorescence
5 × 104 rat PMVECs were incubated on the coverslips (2 cm2). The cells were first observed under an inverted microscope, and then relevant reagents were added to carry out the experiment unless the cells fused into a monolayer. After the drug stimulated, the coverslips were rinse by 1x phosphate buffer saline (PBS) (pH 7.4). The cells were fixed with 4% (wt/vol) paraformaldehyde (pH 7.4) for 15 min, blocked with blocking buffer (1 × PBS, 5% (vol/vol) goat serum, 0.3% (vol/vol) Triton X-100) for 1 h, and mixed with Ezrin or phospho-threonine567Ezrin polyclonal anti-rabbit antibodies overnight at 4°C, followed by incubation with the fluorescent secondary antibody (Alexa Fluor 488–conjugated AffiniPure goat anti-rabbit IgG (H+L)) for 2 h at room temperature. Fixed cells were mixed with rhodamine-conjugated phalloidin to stain for F-actin (1 h, 37°C) and subsequently with DAPI to stain the nucleus for 30 min at room temperature. The coverslips were mounted on glass slides with antifade mounting medium and examined using a confocal laser scanning microscope (LSM880 + airyscan, Ziess, Oberkochen, Germany). In addition, some of the incubations were performed in the dark to avoid loss of activity of the fluorochromes. All of the images were captured via 40x oil lens (numerical aperture of 1.3) at room temperature. The images were gained via the manufacturer’s software (Zen software, Oberkochen, Germany), and the acquired images were not post-processed.
Flow Cytometry
After confluence, rat PMVECs were detached with 0.25% (wt/vol) trypsin, fixed with 4% (wt/vol) paraformaldehyde (pH 7.4) for 15 min, punched with 0.3% (vol/vol) Triton X-100, incubated with Ezrin or phospho-threonine567Ezrin antibody (2 h, 37°C), and then mixed with fluorescent second antibody (1 h, 37°C). After washing, the cells were resuspended in rhodamine-conjugated phalloidin (1 h, 37°C), and analyzed by CytoFLEX flow cytometry (Beckman, Brea, United States) and displayed as one-parameter histograms. The quantitative analysis of fluorescence data was carried out by CytoFLEX software, and the protein fluorescence were expressed by the mean fluorescence intensity (MFI) of the experimental samples.
Western Blotting
Whole protein was extracted from cell samples in the following way: when monolayer cells were fused, 1 × PBS was used to rinse the cells three times, and then 1% (vol/vol) phenylmethanesulfonyl fluoride (PMSF) of RIPA lysis buffer (50 mM Tris (pH 7.4), 150 mM NaCl, 1% sodium deoxycholate, 1% Triton X-100, and 0.1% SDS) was added. After 30 min on ice, the lysate containing cells was collected and centrifuged (10 min, 4°C, 12,000 rpm), and the supernatant was gathered. The protein concentration was detected using the Bradford Protein Assay Kit (Beyotime, Shanghai, China). An equivalent of 20 μg protein was loaded per well and fractionated on 10–12% (vol/vol) sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and devolved to a polyvinylidene difluoride membrane by using the wet Western blotting transfer mode. Next, the membrane was blocked with 5% (wt/vol) nonfat milk of TBST (1 × TBS, 0.1% (vol/vol) Tween 20, and pH 7.4) at room temperature (2 h), incubated with the primary antibodies overnight (4°C). Subsequently, the membrane was put into HRP-conjugated secondary antibodies for 1 h at room temperature and developed using an enhanced chemiluminescence detection system (AL600RGB, GE Healthcare Life Sciences, Chalfont, United Kingdom). The blots were quantitatively analyzed by NIH-Image J 1.45 (National Institutes of Health, Bethesda, MD, United States).
RhoA Activation Assay
RhoA activity was assessed via a pull-down assay using the RhoA Activation Assay Kit (Cytoskeleton Inc. Denver, CO, United States), according to the manufacturer’s guidance. Briefly, after stimulation, PMVECs were lysed with cell lysis buffer (50 mM Tris pH 7.5, 10 mM MgCl2, 0.5 M NaCl, and 2% (vol/vol) Igepal), and GTP-bound RhoA (RhoA-GTP) was captured when the lysates were incubated with Rhotekin RBD beads (1 h, 4°C). The beads were washed four times with wash buffer (40 mM NaCl, 30 mM MgCl2, and 25 mM Tris pH 7.5) and heated to 95°C for 2 min with 20 µl of 2x Laemmli sample buffer (125 mM Tris pH 6.8, 20% (vol/vol) glycerol, 4% (wt/vol) SDS, 0.005% (wt/vol) bromophenol blue, 5% (vol/vol) beta-mercaptoethanol), and then loaded on a 10% (vol/vol) SDS-PAGE. The expression level of RhoA-GTP was caught by Western blotting using a monoclonal antibody against RhoA. In cell lysates, the total amount of RhoA was used as an endogenous control.
shRNA Silencing
The lentiviruses were packaged using a four-plasmid system as proposed before (Tiscornia et al., 2006). The lentivirus particles (GenePharma Co., Ltd., Shanghai, China), which express short hairpin RNA (shRNA) or a negative control shRNA (targeting Ezrin shRNA sequence, GGA​TCA​ACT​ATT​TCG​AGA​TCA; targeting RhoA shRNA sequence, AAG​GAT​CTT​CGG​AAT​GAT​GAG; targeting FAK shRNA sequence, AAG​CTG​CTG​AAC​TCC​GAC​TTG; negative control sequence, GTT​CTC​CGA​ACG​TGT​CAC​GT), were used to infect PMVECs that were seeded in a 6-well plate (1 × 106 cells/well). When the cells reached 40–60% confluence, the medium was replaced with 20% FBS of DMEM, lentiviruses, and 5 μg/ml polybrene for 24 h. Then, the supernatant with lentivirus particles was replaced by the normal culture medium containing 20% FBS for 48 h. The effect of lentivirus transfection was observed under a fluorescence microscope (Supplementary Figure S5) and that of gene knockdown was examined by Western blotting.
Construction of Ezrin Threonine 567-Site Mutant
Using Ezr NM-019357-WT (EzrinWT) as template, Ezrin 567-site threonine was mutated to alanine (EzrinT567A). After constructing the plasmid and packaging the lentivirus (GenePharma Co., Ltd., Shanghai, China), the lentivirus was used to infect rat PMVECs. Rat PMVECs were spread in a 6-well plate (1 × 106 cells/well), when the cells reached 40–60% confluence, they were incubated with 20% FBS, lentiviruses, and 5 μg/ml polybrene for 24 h, then with normal medium for 48 h. The transfection efficiency was detected by fluorescence microscope, and the knockdown effect was observed by Western blotting.
Cell Viability Assay
Cell Counting Kit-8 (CCK8; BB-4202, BestBio, Shanghai, China) was used for detecting the viability of PMVECs. Firstly, PMVECs were seeded into microplates (96-well, 104 cells/well), cultured overnight. Then, different concentration of TNF-α (0, 0.2, 2, 20, 200 ng/ml) was added to each well for 2 h. After that, 10 µl of CCK8 was incubated with PMVECs for another 3 h. The optical density (OD) was detected at 450 nm via a multimode plate reader (EnSpire®, PE, United States).
Statistical Analysis
Data was exhibited as mean ± SD. Statistical comparisons were done using one-way analysis of variance (ANOVA), pairwise comparisons using Student–Newman–Keuls (SNK) test, and least significant difference (LSD) test via SPSS 17.0 software. p < 0.05 indicated statistical significance.
RESULTS
Phosphorylated Ezrin Protein Was Increased and TER Was Decreased in TNF-α-Stimulated PMVECs
To illuminate the effect of TNF-α on the Ezrin protein phosphorylation at its critical threonine residue, phospho-Ezrin (Thr567) polyclonal antibody was utilized. Western blotting result showed that phosphorylated Ezrin protein was enhanced in a time-dependent manner induced by 20 ng/ml of TNF-α, which was elevated after 0.5 h, and reached a peak by 2 h and was maintained for at least 12 h, but without detectable change in the total Ezrin protein expression level (Supplementary Figures S1A,C). A dose-response result indicated that a significant increase in TNF-α-induced Ezrin protein phosphorylation was detected in the 20 ng/ml group as compared to the 0.2 ng/ml and 2 ng/ml groups, respectively (Supplementary Figures S1B,D). In the 200 ng/ml group, a marked increase was observed in the expression level of phosphorylated Ezrin protein. The expression level of Ezrin protein remained unchanged.
To observe the role of TNF-α in PMVECs permeability, the TER method was adopted. The result of analysis displayed that when challenged with TNF-α, the confluent PMVECs led to a decrease in TER in a period of 0–12 h and dose-dependent (0.2–200 ng/ml) manner (Supplementary Figure S2). In addition, our data statistically declared an obviously difference in TER between the control group and the 2 h group. However, no significant difference was detected among 2, 3, 6, and 12 h groups (p > 0.05).
Taken together, TNF-α induced the increase of phosphorylated Ezrin protein and PMVECs barrier damage in a time- and dose-dependent manner. In view of the data, it seems that 2 h and 200 ng/ml should be selected as the best choice (Supplementary Figures S1, S2). However, the cell viability in 200 ng/ml group was decreased as assessed by the CCK-8 assay (Supplementary Figure S3). As such, we believed that it was due to the cytotoxicity in the 200 ng/ml group, which might lead to cell death and endothelial monolayer damage. Based on these and previous results (Koss et al., 2006; Fang et al., 2018), we chose 20 ng/ml as the concentration of TNF-α and a duration of 2 h to conduct the follow-up experiments.
Phosphorylated Ezrin Protein and Endothelial Hyperpermeability Was Inhibited by Ezrin shRNA in TNF-α-Stimulated PMVECs
To clarify the role of Ezrin protein in the PMVECs endothelial barrier stimulated by TNF-α, Ezrin shRNA was used. Immunofluorescence was considered to observe the distribution of F-actin, phosphorylated Ezrin protein, and Ezrin protein; flow cytometry was used to quantitatively analyze fluorescence intensity of them. Western blotting assay was applied to examine the expression levels of phosphorylated Ezrin protein and Ezrin. The TER and fluxes of FITC-BSA were adopted to further assess TNF-α-induced endothelial permeability. Colabeling F-actin (rhodamine-conjugated phalloidin, red) and phosphorylated Ezrin protein or Ezrin protein (Alexa Fluor 488 fluorescent secondary antibody, green) were used to detect the localization of them in TNF-α-stimulated PMVECs. The results of double immunofluorescence showed that before TNF-α treatment, the phosphorylated Ezrin protein could be detected both in the cytoplasm and at the cell border, and the F-actin was distributed thinly on the cell periphery. Moreover, the phosphorylated Ezrin protein was similar to each other while treating with the control shRNA and the Ezrin shRNA, respectively, and so was the F-actin. Of note, after TNF-α treatment in the control shRNA-treated PMVECs, the phosphorylated Ezrin protein was localized primarily on the cell periphery, together with F-actin reorganization (parallel bunchy accumulation and thickening). Conversely, Ezrin shRNA plus TNF-α prevented these change in PMVECs (Figure 1A). In addition, similar change occurred with respect to the distribution of F-actin in the four cases but Ezrin protein was not affected by TNF-α (Figure 1B). The result of MFI from flow cytometry showed that higher levels of both phosphorylated Ezrin protein and F-actin had been obtained in TNF-α-induced group compared to the control one. Importantly, after Ezrin shRNA was used, the MFI of them were partially reversed. Although the MFI of Ezrin protein was decreased significantly after Ezrin shRNA treatment, it was not affected by TNF-α (Figures 1C,D).
[image: Figure 1]FIGURE 1 | Effect of Ezrin shRNA on the rearrangement of F-actin and the distribution of threonine phosphorylated Ezrin/Ezrin protein (Thr-pEzrin/Ezrin). (A) For each panel, the images from left to right showed rhodamine fluorescence (red), Alexa Fluor 488 fluorescence (green), cell nuclei stained with DAPI (blue), and overlays of the three images. In control shRNA cells, few stress fibers were observed in the cytoplasm and phosphorylated Ezrin protein was primarily located in the cytoplasm. Ezrin shRNA showed a phenomenon similar to control one. Control shRNA cells exposure to 20 ng/ml TNF-α for 2 h induced F-actin recombination and gather of phosphorylated Ezrin protein to cell periphery. Downregulation of Ezrin protein weakened the F-actin band and induced a decrease of phosphorylated Ezrin protein locating to cell periphery. (B) The distribution of Ezrin protein was not altered by TNF-α while F-actin had a similar trend to (A). Scale bar, 20 μm. (C) The fluorescence intensity of F-actin, phosphorylated Ezrin protein and Ezrin protein was detected via flow cytometry. (D) The mean fluorescence intensity (MFI) from flow cytometry. For each condition, the experiment was repeated three times, all of which had similar observations. Data was presented as mean ± SD. n = 3, **p < 0.01 vs. control group. #p < 0.05 between TNF-α + control shRNA and TNF-α + Ezrin shRNA groups.
Western blotting result revealed that Ezrin shRNA significantly downregulated the expression level of Ezrin protein (Figures 2A,C), but the expression level of Ezrin protein was not affected by TNF-α (Figures 2B,D). Notably, Ezrin shRNA could downregulate TNF-α-treated phosphorylated Ezrin protein expression level (Figures 2B,E). In addition, in the resting state, the expression level of phosphorylated Ezrin protein in the control group was similar to that in the Ezrin shRNA group (Figures 2B,E). This may be that the amount of phosphorylated Ezrin protein was very small in the resting state, and slightly affected by Ezrin shRNA, which was consistent with the resting state seen in Figure 1. Both the change in TER and the fluxes of FITC-BSA could be inhibited by Ezrin shRNA in TNF-α-stimulated PMVECs (Figure 3). Based on these results, we could conclude that Ezrin shRNA protected endothelial barrier through downregulating the distribution and the expression level of phosphorylated Ezrin protein in TNF-α-stimulated PMVECs.
[image: Figure 2]FIGURE 2 | Effect of Ezrin shRNA on the expression level of Thr-pEzrin in TNF-α-induced PMVECs. (A) Ezrin shRNA downregulated the expression level of Ezrin protein. (B) Ezrin protein was not sensitive to TNF-α (20 ng/ml, 2 h) stimulation. Ezrin shRNA alleviate the increase of Thr-pEzrin induced by TNF-α. (C–E) Relative expression levels from the Western blotting. Data were presented as mean ± SD. n = 3, **p < 0.01 vs. control group. $p < 0.05 between 24 h and 48 h groups. &p < 0.05 between 48 h and 72 h groups, #p < 0.05 between TNF-α + control shRNA and TNF-α + Ezrin shRNA groups.
[image: Figure 3]FIGURE 3 | Effect of Ezrin shRNA on endothelial hyperpermeability in TNF-α-induced PMVECs. (A) Effect on TER of PMVECs monolayer. (B) Effect on fluxes of FITC-BSA across PMVECs monolayer. Each bar represented mean ± SD of three independent trials; **p < 0.01 vs. control group. #p < 0.05 between the TNF-α + control shRNA group and the TNF-α + Ezrin shRNA group.
Phosphorylated Ezrin Protein Promoted Endothelial Hyperpermeability in TNF-α-Stimulated PMVECs
To further evaluate the role of threonine-phosphorylated Ezrin protein in endothelial response to TNF-α, Ezrin threonine 567-site mutant (EzrinT567A) was used. Immunofluorescence result showed that after TNF-α treatment, phosphorylated Ezrin protein gathered to the cell boundary in the EzrinWT group, but there was no obvious change in the EzrinT567A group, indicating that phosphorylated Ezrin protein achieved silencing effect. EzrinT567A could alleviate the aggregation of F-actin (Figure 4A). The result of flow cytometry analysis showed that EzrinT567A could block Ezrin protein phosphorylation and reduce the fluorescence intensity of F-actin in TNF-α-induced PMVECs (Figure 4B). Western blotting result revealed that EzrinT567A could reverse the expression level of phosphorylated Ezrin protein stimulated by TNF-α to the baseline level (Figure 4C). EzrinT567A could partially reverse the decrease of TER and the increase of FITC-BSA induced by TNF-α, which means EzrinT567A could protect the endothelial barrier (Figure 4D). These results indicated that phosphorylated Ezrin protein positively regulated endothelial hyperpermeability in PMVECs treated by TNF-α.
[image: Figure 4]FIGURE 4 | Effect of phosphorylation mutant of Ezrin protein (EzrinT567A) on endothelial responses in TNF-α-induced PMVECs. (A) EzrinT567A can reverse the localization of Thr-pEzrin and reduce the recombination of F-actin induced by TNF-α. Scale bar, 20 μm. (B) The MFI of F-actin, Thr-pEzrin was calculated via flow cytometry. (C) Effect of EzrinT567A on the Thr-pEzrin expression level induced by TNF-α. (D) EzrinT567A relieved the decline of TER and increased the fluxes of FITC-BSA induced by TNF-α. For each condition, the experiment was repeated three times, all of which had similar observations. Data were presented as mean ± SD. n = 3, *p < 0.05 vs. control group. **p < 0.01 vs. control group. #p < 0.05 between TNF-α + EzrinWT and TNF-α + EzrinT567A groups.
Phosphorylated Ezrin Protein Was Increased via RhoA or FAK Signaling Pathway in TNF-α-Stimulated PMVECs
To determine the signal mechanisms of Ezrin protein phosphorylation with TNF-α treatment, the roles of RhoA and FAK signaling pathways were detected via inhibitors and signaling pathway knockdown, respectively.
Firstly, RhoA inhibitor C3 transferase (Sun et al., 2006) and FAK inhibitor PF-573228 (Che et al., 2020) were used. We applied Western blotting to exhibit the expression levels of phosphorylated Ezrin protein and Ezrin protein, TER, and fluxes of FITC-BSA to observe TNF-α-induced endothelial permeability. C3 transferase could reduce Ezrin protein phosphorylation in TNF-α-stimulated PMVECs. A similar result was obtained when another inhibitor PF-573228 was used. Ezrin protein had no change in each group (Figure 5). Both inhibitors could conspicuously block the decrease in TER and the increase in FITC-BSA (Figure 6). The data declared that RhoA or FAK signaling pathway might enhance Ezrin protein phosphorylation in TNF-α-stimulated PMVECs.
[image: Figure 5]FIGURE 5 | Effect of RhoA or FAK inhibitor on the expression level of Thr-pEzrin in TNF-α-induced PMVECs. (A) RhoA inhibitor prevented TNF-α-induced Ezrin phosphorylation. PMVECs were pretreated with either vehicle or 2 μg/ml C3 transferase for 6 h before they were treated with 20 ng/ml TNF-α for 2 h (B) FAK inhibitor alleviated TNF-α–induced Ezrin phosphorylation. PMVECs were pretreated with either vehicle or 1 μM PF-573228 for 0.5 h before they were treated with 20 ng/ml TNF-α for 2 h (C,D) The according expression level of phosphorylated Ezrin protein from the Western blotting. Data were presented as mean ± SD. n = 3, *p < 0.05, and **p < 0.01 compared to the control group. #p < 0.05 between the TNF-α group and the TNF-α + inhibitor group.
[image: Figure 6]FIGURE 6 | Effect of RhoA or FAK inhibitor on endothelial hyperpermeability in TNF-α-induced PMVECs. (A,B) RhoA or FAK inhibitor protected the decrease of TER treated with TNF-α. (C, D) RhoA or FAK inhibitor reduced the fluxes of FITC-BSA. Data were presented as mean ± SD. n = 3, **p < 0.01 compared to the control group. #p < 0.05 between the TNF-α group and the TNF-α + inhibitor group.
Next, we selected RhoA shRNA and FAK shRNA to verify the roles of RhoA and FAK, respectively. Immunofluorescence result showed that TNF-α induced the F-actin reorganization and the location of phosphorylated Ezrin protein to the cell periphery. Treatment with RhoA shRNA or FAK shRNA prevented the TNF-α response obviously, respectively (Figures 7A,B). The distribution of Ezrin protein did not change in all groups (Figures 7C,D). Flow cytometry result also showed that RhoA shRNA or FAK shRNA could inhibit the increase of both F-actin and phosphorylated Ezrin protein induced by TNF-α but had no effect on Ezrin protein (Figures 7E–H). Afterward, the result of Western blotting analysis indicated that RhoA shRNA or FAK shRNA could downregulate the expression level of RhoA or FAK (Figures 8A–D). After RhoA shRNA or FAK shRNA treatment, the expression level of phosphorylated Ezrin protein was decreased significantly stimulated by TNF-α while Ezrin protein remained the same expression level (Figures 8E–H). The experimental results on the endothelial permeability also showed that RhoA shRNA or FAK shRNA could alleviate TNF-α-induced change in TER and fluxes of FITC-BSA (Figure 9). Based on these observations, we concluded that RhoA or FAK signaling pathway could promote Ezrin protein phosphorylation, resulting into the endothelial hyperpermeability in TNF-α-induced PMVECs.
[image: Figure 7]FIGURE 7 | Effect of RhoA shRNA or FAK shRNA on the rearrangement of F-actin and the distribution of Thr-pEzrin/Ezrin. (A,B) The TNF-α responses were prevented remarkably via RhoA shRNA and FAK shRNA treatment, respectively (C,D) There was no change in Ezrin protein under the same stimulation. Scale bar, 20 μm. (E,F) The fluorescence intensity of F-actin, Thr-pEzrin/Ezrin was detected via flow cytometry. (G,H) MFI from flow cytometry. All images were representative of three independent experiments with similar observations. Data were presented as mean ± SD. n = 3, **p < 0.01 vs. control group. #p < 0.05 between TNF-α + control shRNA and TNF-α + RhoA/FAK shRNA groups.
[image: Figure 8]FIGURE 8 | Effect of RhoA shRNA or FAK shRNA on the expression level of Thr-pEzrin in TNF-α-induced PMVECs. (A) RhoA shRNA downregulated the expression level of RhoA. (B) After FAK shRNA treatment, the expression level of FAK decreased. (C,D) The according expression levels from the Western blotting (E,F) Pretreatment with RhoA shRNA prevented TNF-α–induced Ezrin phosphorylation and so can FAK shRNA. (G,H) The according expression levels from the Western blotting. Data were presented as the mean ± SD. n = 3, **p < 0.01 compared to the control group. $p < 0.05 between 24 h and 48 h groups. &p < 0.05 between 48 h and 72 h groups, #p < 0.05 between TNF-α + control shRNA and TNF-α + RhoA/FAK shRNA groups.
[image: Figure 9]FIGURE 9 | Effect of RhoA shRNA or FAK shRNA on endothelial hyperpermeability in TNF-α-induced PMVECs. (A,B) RhoA or FAK shRNA protected the decrease of TER treated with TNF-α. (C,D) RhoA or FAK shRNA decreased the fluxes of FITC-BSA. Data were presented as mean ± SD. n = 3, *p < 0.05 compared to the control group. **p < 0.01 compared to the control group. #p < 0.05 between TNF-α + control shRNA and TNF-α + RhoA/FAK shRNA groups.
FAK Positively Regulated RhoA Signaling Pathway in TNF-α-Stimulated PMVECs
To further clarify whether RhoA signaling pathway is the upstream of FAK in Ezrin protein phosphorylation, or vice versa, we considered the effect of RhoA shRNA (FAK shRNA) on the expression level of FAK (RhoA) by Western blotting. Firstly, we found that the expression levels of both RhoA-GTP and phosphorylated FAK were enhanced in TNF-α-stimulated PMVECs while RhoA and FAK had no change in each group. Then, we detected the effect of RhoA shRNA on FAK, no change of phosphorylated FAK occurred in the two cases of TNF-α alone and RhoA shRNA plus TNF-α. In other word, the pretreatment with RhoA shRNA did not exert an effect on FAK (Figures 10A,C). Next, we examined the effect of FAK shRNA on RhoA. It was found that RhoA-GTP was increased remarkably by TNF-α, while the combination of FAK shRNA and TNF-α evidently restored the increased expression level of RhoA-GTP almost to the original level (Figures 10B,D). Thus, it can be deduced that pretreatment with FAK shRNA restrained the activation of RhoA. In summary, we could speculate that FAK upregulates the expression level of RhoA-GTP in TNF-α-evoked signaling events that gave rise to Ezrin protein phosphorylation in PMVECs.
[image: Figure 10]FIGURE 10 | The FAK signaling pathway can upregulate the activity of RhoA in TNF-α-induced PMVECs. (A) RhoA shRNA cannot block FAK phosphorylation (p-FAK) induced by TNF-α. (B) FAK shRNA can inhibit RhoA activity (RhoA-GTP). (C,D) Relative expression levels from the Western blotting. Data were presented as mean ± SD. n = 3, *p < 0.05, **p < 0.01 compared to the control group.
DISCUSSION
Up to now, the study of pulmonary vascular ECs focuses mainly on pulmonary macrovascular ECs, and few PMVECs are used as the research subjects. In fact, pulmonary macro- and microvascular ECs exhibit unique structural and functional attributes, even under similar environmental conditions (King et al., 2004). Moreover, PMVECs have more stringent barrier restriction than macrovascular ECs, such as lower protein and water flux and higher TER (Parker and Yoshikawa, 2002). Beck et al. exhibited that PMVECs are more susceptible to inflammatory stimulation and produce more inflammatory chemokines than umbilical vein ECs (Beck et al., 1999). The adhesion rate of polymorphonuclear granulocytes to PMVECs is higher than that of umbilical vein ECs in venous blood flow induced by TNF-α (Otto et al., 2001). That is to say, PMVECs are the main target of inflammatory immune mediators. So, it is more important to explore the inflammatory immune response to PMVECs than to pulmonary macrovascular ECs for clarifying the potential mechanism of ARDS. In this study, we systematically investigated the role of Ezrin protein on endothelial permeability in TNF-α-stimulated PMVECs. Moreover, FAK, RhoA, or their combination was considered as the required signal mechanism, which differed from the previous works (Koss et al., 2006; Shao et al., 2013; Fei et al., 2019; Tang et al., 2021). The process can be demonstrated as follows.
Firstly, it was reported that under the condition of systemic inflammatory reaction, the concentration of plasma TNF-α in patients ranged from 10 to 1,510 pg/ml, which is much lower than that in vitro experiments (Wong et al., 1999). Hence, a low concentration of TNF-α (20 ng/ml) was adopted in this study. As a result, a similar trend to that in our previous observations stimulated by 100 ng/ml TNF-α was observed (Tang et al., 2021).
The phosphorylated Ezrin protein was localized primarily along the PMVECs periphery, indicating that the molecule might be involved in the regulation of TNF-α-induced endothelial response, such as cytoskeletal and permeable change. In order to determine the authenticity of this hypothesis, we detected the effect of Ezrin protein by inhibiting its expression using shRNA. The data demonstrated that when the expression level of TNF-α-induced Ezrin protein phosphorylation was elevated, both the cytoplasmic F-actin and cell permeability increased subsequently. On the contrary, the inhibition of Ezrin protein via shRNA led to a decrease in phosphorylated Ezrin protein, F-actin, and cell permeability. These phenomena supported the importance of the phosphorylated Ezrin protein in hyperpermeability after TNF-α treatment.
In order to verify the role of phosphorylated Ezrin protein on TNF-α-induced endothelial response, EzrinT567A was applied. The data showed that F-actin and permeability were significantly inhibited in EzrinT567A plus TNF-α group compared with EzrinWT plus TNF-α group, supporting that phosphorylated Ezrin protein had a direct regulatory effect on hyperpermeability in PMVECs. However, the mechanisms underlying Ezrin protein-mediated cytoskeleton reorganization and permeability enhancement remain to be determined. We speculated the following two cases: 1) Ezrin protein directly promotes de novo F-actin polymerization, similar to that of phagosomes (Defacque et al., 2000); 2) Ezrin protein plus Rho regulator Rho GDP-dissociation inhibitor (GDI) trigger the intermediate signaling events, such as Rho GTPases, to alter the cytoskeleton and increase the permeability (Takahashi et al., 1997). This theory would be investigated in the future.
Secondly, studies have shown that the activation of RhoA promotes the endothelial hyperpermeability (Spindler et al., 2010; Adderley et al., 2015). Intriguingly, there have been some different views. For instance, Szulcek et al. showed that the activation of RhoA in the periphery of the cell is related to the integrity of the barrier and contributes to the destruction of the barrier in the perinuclear region of the ECs (Szulcek et al., 2013). Moreover, S1P increased the expression level of RhoA-GTP (Breslin et al., 2015), which enhanced the barrier of human umbilical vein ECs and human skin microvascular ECs (Zhang et al., 2016). In the case of the FAK signaling pathway, whether FAK destroys or protects the endothelial barrier is yet controversial (Holinstat et al., 2006; Jean et al., 2014; Alexopoulou et al., 2017). Therefore, the roles of RhoA and FAK signaling pathways in barrier destruction are controversial.
Through the application of inhibitor C3 transferase, we observed that RhoA can enhance the expression level of phosphorylated Ezrin protein and permeability in PMVECs, considering that RhoA may be the upstream signal of phosphorylated Ezrin protein. Actually, not only RhoA but also RhoB and C can be inhibited by C3 transferase. Although RhoA, B, and C are highly homologous, some scholars believed that they play different regulatory roles in endothelial permeability (Kroon et al., 2013; Marcos-Ramiro et al., 2016; Pronk et al., 2019), so to demonstrate the role of RhoA more strictly, we further used RhoA shRNA. It was also found that TNF-α-activated RhoA could upregulate the expression level of phosphorylated Ezrin protein, followed by the remodeling of cytoskeleton and the increased endothelial permeability in PMVECs. The similar analysis of FAK can be done using FAK inhibitor and FAK shRNA. Our examination displayed that the activation of FAK initiated by TNF-α can strengthen the F-actin and the permeability of PMVECs. Accumulating evidence showed that TNF-α-induced phosphorylation of Ezrin protein requires RhoA and FAK signaling pathways; both RhoA and FAK are involved in barrier destruction in PMVECs. The different roles of RhoA and FAK in the endothelial barrier are speculative due to different stimulating factors and endothelia (Bogatcheva et al., 2011).
Finally, we speculated whether the two signaling pathways existed alone or in a combination in TNF-α-challenged PMVECs and which one lies upstream in the latter case? It was found that RhoA shRNA did not inhibit FAK, but the activity of RhoA was attenuated by FAK shRNA, suggesting that the phosphorylation of Ezrin protein in response to TNF-α occurred in a FAK/RhoA-dependent manner.
In addition, the present study has some limitations: 1) how do Ezrin protein cause cytoskeleton reorganization and permeability enhancement has not yet been analyzed in-depth, which is also one of our interests for future research. 2) The PMVECs utilized in this study were cultured in vitro, which might not mimic the actual pulmonary microvascular endothelial barrier in vivo. However, given the critical role of Ezrin protein in stabilizing the endothelial barrier, altering Ezrin protein and its related signals would be a desirable therapeutic approach.
CONCLUSION
In conclusion, we displayed the TNF-α-activated Ezrin protein in rat PMVECs. Phosphorylated Ezrin protein is required for the TNF-α-initiated change in the cytoskeleton and permeability, as well as the downstream targets of FAK/RhoA signaling events in the FAK/RhoA-dependent manner.
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It is well known that RA (Rheumatoid arthritis) is an autoimmune disease characterized by multiple and symmetric arthropathy. The main pathological features of RA are synovial hyperplasia, angiogenesis, pannus formation, inflammatory cell infiltration, articular cartilage, bone destruction, and ultimately joint dysfunction, even deformity. IL-35 (Interleukin-35) is a new member of the IL-12 (Interleukin-12) family, which is an immunosuppressive and anti-inflammatory cytokine secreted mainly by Treg (T regulatory cells). There is evidence suggested that IL-35 can attenuate the progression of RA through influencing the immune and pathological process. It suggests that IL-35 played an important role in the pathogenesis of RA, and can be used as a potential target for the future treatment of RA. This review summarizes the recent advances of IL-35 in the pathological roles and the therapeutic potential roles in RA.
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HIGHLIGHTS

1. IL-35 is an inhibitory cytokine that closely related to the occurrence and development of RA.
2. IL-35 can induce the proliferation of Treg and inhibit the differentiation of Th17.
3. IL-35 can relieve the symptoms of RA greatly by inhibiting the proliferation of FLS, angiogenesis, and bone destruction.
INTRODUCTION
RA is an autoimmune disease characterized by multiple and symmetric arthropathy (El et al., 2007). It is associated with a significant morbidity and disability rate. Recent epidemiological investigations reveals that the total incidence of RA is 1–2% in the world. If untreated, the 2–3 years disability rate of RA can be as high as 70% (Jutley et al., 2015). It seriously affects the living quality. The main pathological features of RA are synovial hyperplasia, angiogenesis, pannus formation, inflammatory cell infiltration, articular cartilage, bone destruction, and ultimately joint dysfunction, even deformity (Turk et al., 2014; Elshabrawy et al., 2015). Although the specific pathogenesis of RA is very complicated, it is considered that the incidence of RA is related to the IL-12 family (Guan et al., 2017).
IL-12 family is composed of IL-12, IL-23, IL-27, IL-35. It helps to regulate the immune system against from infectious diseases, tumors, autoimmune disease (Gee et al., 2009). As a new member of the IL-12 family, IL-35 is first found in the supernatant of B lymphoblastoid cells infected by Epstein-Barr virus in 2007 (Collison et al., 2007). IL-35 is an immunosuppressive and anti-inflammatory cytokine which mainly secrets by Tregs (Bobryshev et al., 2015). It can induce the proliferation of Tregs and inhibit the differentiation of Th17 (T Helper cell 17) cells (Wang et al., 2014; Behzadi et al., 2016). IL-35 is closely related to the occurrence of infections, inflammation, tumors, autoimmune diseases, such as primary biliary cirrhosis, Crohn’s disease, systemic sclerosis, and RA (Kong et al., 2016; Zou et al., 2017; Teymouri et al., 2018; Zhao et al., 2020; Zhu et al., 2020).
Collectively, these data suggests that exploring the biological functions and mechanisms of IL-35 may play a pivotal role in the pathogenesis of RA. The present review provides a brief overview of the IL-35, discusses the IL-35 involves in the pathogenesis of RA, and the therapeutic potential of IL-35 in RA.
Overview of IL-35
IL-35 is a new type of cytokine discovered simultaneously by Collison et al. and Niedbala et al., in 2007 (Collison et al., 2007; Niedbala et al., 2007). It is combined with IL-12, IL-23, and IL-27 to form the IL-12 family (Collison and Vignali, 2008). IL-35 is constituted by A chain (p35/IL-12a) and B chain (EBI3/IL-27b) (Su et al., 2018). The glycoprotein encoded by the p35 gene is homologous with IL-6 and G-CSF (granulocyte colony-stimulating factor) and determined the specificity of cytokines. The EBI3 (Epstein-Barr virus-induced gene 3) gene encodes a glycoprotein with a relative molecular weight of 34,000, and 27% of the amino acid sequences are homologous to IL-12 and p40 subunits that belong to the hematopoietic cytokine receptor family (Chehboun et al., 2017). The p35 and EBI3 gene are located on separated chromosomes 3p12-q13.2 and 19p13.3, respectively, in humans; chromosomes 6 and 17qD in the mouse (Devergne et al., 1996). (Figure 1) Moreover, subunits of the IL-35 receptor are shared among IL-12 family members. IL-35 receptors are consisted of IL12Rb2 (IL-12 receptor component) and gp130 (glycoprotein130) (IL-27 receptor component) (Collison et al., 2012).
[image: Figure 1]FIGURE 1 | The structure of IL-12 family. IL-12 family is composed of A chains (p19, p28, or p35) and B chains (p40 or Ebi3). P40 can be paired with p35 or p19 to form IL-12 or IL-23. Respectively, while Ebi3 can pair with p28 or p35 to form IL-27 or IL-35. IL-12 receptor is composed of IL-12R β2 and IL-12R β1. IL-23 receptor is composed of IL-12R β1 and IL-23R. IL-27 receptor is composed of WSX-1and gp-130. IL-35 receptor is composed of IL-12R β2 and gp-130.
IL-35 is directly secreted by regulatory T cells, including thymic Tregs and peripheral Tregs (Pflanz et al., 2002). Evidence shows that CD4+CD25+Foxp3+Tregs can secrete IL-35 in both humans and mice (Kaser et al., 2012), and a class of iTreg (induced-Treg) called iTr35 (IL-35 induced Treg) can also secrete IL-35 (Collison et al., 2010). Besides, a series of non-immune cells including tumor cells can also secrete IL-35 (Long et al., 2013; Wang et al., 2013). In general, IL-35 is inducible in Tregs, Bregs, immature dendritic cells, vascular endothelial cells, epithelial cells, and smooth muscle cells in the human body (Shen et al., 2014; Dambuza et al., 2017; Haller et al., 2017; Mohd Jaya et al., 2019). Two subunits of IL-35 have a high expression level in mice, and the p35 subunit is revelated in blood, liver, thymus, and bone marrow (Li et al., 2012). Besides, IL-35 is found in patient’s serum with RA (Li et al., 2019a), and IL-35 mRNA expression in RA patients is obviously lower (Zhang et al., 2018). It means that the secretion of IL-35 is difference in different tissue. The expression level change of IL-35 in RA patients suggests that it may participate in the pathogenesis of RA.
IL-35 Participates in the Pathogenesis of RA
IL-35 participates in various immune-related diseases, such as primary biliary cirrhosis, Crohn’s disease, and RA (Remmers et al., 2010; Bettini et al., 2012; Bossini-Castillo et al., 2012; Zhao et al., 2020). The influence of IL-35 in the pathogenesis of RA is closely related to the immune dysfunction of these immune cells and pathological process (Figure 2). IL-35 promotes the proliferation of Tregs and inhibited the differentiation of Th17 cells (Liu S. et al., 2019). A variety of immune cells including Tregs and Th17 cells infiltrates into the joint and are crucial for synovial inflammation and joint destruction (Wang and Lei, 2021). Therefore, IL-35 playss an important role in the pathological process of RA by maintaining the balance of Tregs and Th17 cells.
[image: Figure 2]FIGURE 2 | A schematic model for the immune pathway of IL-35 in RA. Th1, Th2, Th17, and Treg are all differentiated from the Th Cells, which can differentiate into different cell subsets under the influence of different cytokines and transcription factors. As shown in the figure, IL-35 stimulates the differentiation of Th cells into Treg and iTR35. IL-10 and TGF-β are secreted by Treg, and IL-35 inhibits the differentiation of Th cells into other helper T cells, especially Th17. IL-35 also acts on DCs and macrophages to inhibit inflammation.
IL-35 Influences the Balance of Immune Cells
IL-35 is directly secreted by Tregs. The variation of the number of Tregs was accompanied by a defect in its function (Lin et al., 2014; Li et al., 2019), and the number of Tregs was found decreased in peripheral blood with active RA patients (Wang et al., 2012). Coincidentally, two chains that constituted IL-35, mRNA of EBI3 and IL-12p35 were found continuously co-expressed at a high expression level in Tregs (Collison et al., 2007). It meaned that the occurrence of RA was closely related to the number and function of Tregs, and IL-35 played an important role in exerting the maximal immunosuppressive function of Tregs. Tregs exerted immunostimulatory activity mainly by EBI3, which could induce macrophages to synthesize macrophage inflammatory protein-1 and further recruit B and T lymphocytes to inflammatory sites (Liu et al., 2012). Further research showed that IL-35 could promote the proliferation of Tregs (Wang and Lei, 2021). A class of Treg called iTR35 cells presented high reactivity and strong inhibition of inflammation by transforming initial T cells into a new type of Foxp3−Treg (Forkhead Box P3) (Collison et al., 2010), but it was irrelevant to IL-10, TGF-β (transforming growth factor-β), and other Treg-related immune molecules (Hori et al., 2017). More importantly, iTR35 cells were more stable in vivo and had a more durable immune tolerance effect compared with Tregs (Song and Ma, 2016). In addition to the stimulation of recombinant IL-35, it was confirmed that human Tregs derived from umbilical cord blood or adult peripheral blood mononuclear cells could also induce initial T cells to transform into iTR35 cells by secreting IL-35 (Chaturvedi et al., 2011). Taken together, IL-35 might have a significant impact on RA by promoting the differentiation of Tregs.
IL-35 also inhibited the differentiation of Th17 cells. There was a balance between Th17 cells and Tregs under different cell induction conditions, while high concentrations of TGF-β made the balance come to the Tregs (Williams et al., 2013). It was found that in vitro derived EBI3−/− Th17 cells could produce a significantly higher expression level of IL-17 and IL-22. Spleen cells from EBI3−/− mice immunized with monocytogenes could also produce elevated expression levels of IL-17 and IL-22 (Yang et al., 2008). A study suggested that IL-35 could directly suppress IL-17 expression and Th17 differentiation (Veldhoen et al., 2006). Furthermore, it was found that the differentiation of Th17 cells was accelerated by TGF-β, while IL-35 could significantly up-regulate the expression level of IFN-γ (Interferon-γ) to inhibit the phosphorylation of Smad-3, a downstream effector of TGF-β receptor, and IL-35 could prevent the binding of TGF-β and its receptor to block the differentiation of Th17 cells (Park et al., 2005). Moreover, there was research that found peripheral blood mononuclear cells which stimulated with IL-35, could inhibit the differentiation and the function of Th17 cells by reducing the relative expression of ROR γt (Nuclear receptor γt) (Xie et al., 2020). Taking all the studies into account, IL-35 could suppress the activity of Th17 cells and play a negative role in the pathogenesis of RA.
IL-35 Influenced the Pathological Features of RA
The main pathological features of RA are synovial hyperplasia, angiogenesis, pannus formation, inflammatory cell infiltration, articular cartilage, bone destruction, and ultimately joint dysfunction. IL-35 is indicated to participate in the pathological process of RA through several reports.
RA pathogenesis is highly correlated with FLS (Fibroblast-like synoviocytes) which release proteolytic enzymes produced by inflammatory cytokines, such as MMPs (matrix metalloproteinase) (Dinesh and Rasool, 2018). Pro-inflammatory cytokines such as IL-6, IL-8, TNF-α, IL-1β, which causing activation of FLS led to synovial inflammations. IL-35 can restrain the process (Afzali et al., 2007). In a previous experiment, IL-35 inhibits the proliferation and cell cycle progression in FLS which is harvested from CIA mice (Collagen-induced model of RA mice) in a dose-dependent manner. This consequence is accompanied by the downregulation of cyclin D1 (Li et al., 2016a). It indicates that IL-35 inhibits the proliferation of FLS and promoted the apoptosis of FLS directly.
Synovium hyperplasia in RA is accompanied by angiogenesis (Ally et al., 2015) and is a key process in the development of RA. It suggests that RA can be considered as a type of vascular disease, and foster pannus formation, persistent leukocyte infiltration, lining layer hyperplasia, which conclusively lead to cartilage and bone destruction (Szekanecz et al., 2010). Research shows angiogenesis is promoted by VEGF (vascular endothelial growth factor), which is critical in the pannus formation in synovial tissues and plays an important role in RA (Kim et al., 2015). IL-35 is found to downregulate the expression level of VEGF and its receptors in the CIA mice, which shows that IL-35 might influence the pathological procedure of RA (Wu et al., 2016a). The probable mechanisms relied on inhibiting VEGF and its receptors. Except for VEGF, IL-35 can also affect the EC specific factors Ang1, Ang2 (angiopoietin-1) in pathological vascular development. IL-35 is ECs (human umbilical endothelial cells) and RA synovial tissue explants (Jiang et al., 2016a). Thus, this evidence suggests that IL-35 may play a role in antagonizing angiogenesis in the pathological procedure of angiogenesis and pannus formation.
Bone destruction is also one of the most prominent features of RA pathogenesis. It is generally known that the formation and differentiation of osteoclasts rely on the activation of the RANKL receptor (nuclear factor κB ligand) (Tanaka et al., 2018). Previous research suggests that RANKL have a trend of up-regulation in the RA synovial tissues (Gravallese et al., 2000; Liu et al., 2018). Li Y et al. investigates that IL-35 can inhibit the development of RA in CIA mice by a decrease in the expression level of RANKL and an increase in the expression level of OPG (osteoclastogenesis inhibitory factor) (Li et al., 2016a). Additionally, IL-35 is found synergistically inducing osteoclast formation with RANKL (Kamiya et al., 2020). It means IL-35 may play both destructive and protective roles in the formation of osteoclasts. Besides, IL-35 can also inhibit the secretion of MMPs in chondrocytes and synovial fibroblasts and enhance the activities of aggrecanases and collagenase to promote the degradation of cartilage proteoglycan and collagen and heighten the destruction of osteoclasts (Shui et al., 2017; Liu X. et al., 2019; Sun et al., 2019). It means IL-35 do contribution to prevent cartilage matrix and bone destruction. To sum up, IL-35 participates in the pathogenesis of RA, and it has a benefit of teasing out the regulatory mechanism of IL-35 in RA.
The Regulatory Mechanism of IL- 35 in RA
IL-35 is acknowledged as involved in the pathogenesis of RA by regulating the expression level of pro-inflammatory cytokines (Chen et al., 2019). Its specific regulatory mechanism in RA has been extensively studied in recent years. IL-35 is considered to activate several signal transduction pathways, including JAK-STAT (Janus Kinase-signal transducer and activator of transcription), Ang2-Tie2 (TEK Tyrosine kinase, Endothelial), and Wnt-β-catenin signaling pathways which regulated the procedure of RA.
Evidence points that the signaling pathway of RA may relate to the JAK-STAT family (Veale et al., 2017). The signaling molecules of the JAK-STAT signaling pathway includes the JAK2, Tyk2, and STAT family (Thierfelder et al., 1996). A study find IL-35 can activate the JAK1 signal transducer and activator of the STAT pathway in vitro (Dong et al., 2020). Specifically, two receptors of IL-35, gp130, and IL-12Rβ2, respectively, activates JAK2 and Tyk2 through phosphorylation. The heterodimers or homologous dimers composed of gp130 and IL-12Rβ2 emits signals transferring into the nucleus with activation of the STAT family, then regulated cytokine-specific gene expression and exerting biological effects (Parham et al., 2002). Study find IL-35 increases the expression level of p-STAT1 in FLS, but do not affect the expression level of p-STAT3 and p-STAT5 (Wu et al., 2018). Additionally, JAK inhibitors Tofacitinib is used in RA patients and find that serum expression level of IL-35 is significantly increased (Li et al., 2019). The above results shows that IL-35 can act through the JAK-STAT signaling pathway. Moreover, emerging evidence shows that the phosphorylated (p)-STAT3 is downregulated, and p-STAT1/4 is upregulated in IL-35 overexpressed cells (Cai et al., 2021). These results indicates that IL-35 may impact inflammation through STAT1/4. While the structures and signal transduction of the IL-35 are similar to the other member of IL-12 family, the biological activities are quite opposite (Tait et al., 2019). Therefore, IL-35 may have other unique receptors, and the detailed mechanism needs further study (Figure 3). Thus, it is considered that the signal transduction of IL-35 in the regulation mechanism of RA is closely related to the JAK2, Tyk2, and STAT family.
[image: Figure 3]FIGURE 3 | The regulatory mechanism of IL- 35 in RA. IL-35 is secreted by Treg via JAK/STAT signaling pathway. Production of IL-35 and IL-10 triggers Th17 differentiation. In turn, IL-35 which produced by Treg cells, enhances IL-35 expression. Moreover, IL-35 also inhibits Ang2/Tie2 via NF-κB, and with the suppression of VEGF, VEGFR, Tie2, it causes angiogenesis. IL-35 also stimulates OPG secretion and competitively binded RANKL with OPG by inhibiting Wnt/β-catenin signaling pathway, and it inhibits bone destruction in the course of RA. Thus, IL-35 acts as an anti-inflammatory factor participating in RA via various pathways.
Evidence shows that the Ang-Tie2 signaling pathway mediates the pathological process of RA (Kayakabe et al., 2012). The role of the Ang-Tie2 signaling pathway is mainly angiogenesis (Vanderborght et al., 2020). In an earlier study, it is observed that constitutive expression of Ang-1 and Ang-2 in late-stage RA synovial fibroblasts (Scott et al., 2002). Recent study shows that Ang-1 and Ang-2 are found to enhance the expression level of pro-inflammatory cytokines in macrophages from donors with RA (Kabala et al., 2020), and evidence shows Tie2 significantly inhibit angiogenesis by neutralizing the Ang2 receptor (Saber et al., 2011). Meanwhile, IL-35 inhibits Ang2 secretion and antagonized the proangiogenic effects of exogenous Ang2 in HUVECs(Jiang et al., 2016b). These results suggests that IL-35 restrained RA angiogenesis and inflammation by disrupting the Ang2-Tie2 signaling pathway.
In addition, studies have shown that the Wnt-β-catenin signaling pathway is also involved in the pathogenesis of RA. The Wnt proteins are glycoproteins which lead to joint formation (Miao et al., 2013), and the Wnt-β-catenin signaling pathway influences the subchondral bone remodeling (Kovacs et al., 2019). Evidence shows Wnt signaling is up-regulated in RA FLS (Sen et al., 2002). The Wnt genes are revealed significant up-regulation in RA patients synovium, and are present in articular cartilage, bone, and synovium of RA patients (Nakamura et al., 2005). Besides, the expression level of Wnt inducible signaling pathway proteins is also found significantly elevated in RA FLS (Cheon et al., 2004). A study shows that the serum expression level of Dkk-1 (Dickkopf-1), an inhibitor of the Wnt-β-catenin signaling pathway, is significantly higher in patients with RA (Wang et al., 2011). It suggests that the Wnt-β-catenin signaling pathway plays a key role in bone resorption and joint destruction during RA development. Meanwhile, it shows that IL-35 activates osteoblastic differentiation via the Wnt-β-catenin signaling pathway in RA, and this result can be resulted by pairing of IL-35 and Dkk-1 (Li et al., 2019). As support, IL-35 is found dose-dependently inhibited the expression level of RANKL and increased the expression level of OPG in cultured FLS, which mainly plays a part through the Wnt-β-catenin signaling pathway (Li et al., 2016b). Therefore, IL-35 may influence the bone resorption and joint destruction in RA by the Wnt-β-catenin signaling pathway.
The Therapeutic Potential Role of IL-35 in RA
As a potential target, IL-35 is more considered as a monitoring indicator when exploring the pathogenesis of RA (Li et al., 2019; Wojdasiewicz et al., 2019)or predicting the efficacy of certain drugs (Li et al., 2019). Several reports shows the potential of IL-35 in the therapy of RA.
Study shows that IL-35 is secreted in the joint tissue homogenate of CIA mice, and inhibits the inflammatory response of macrophages (Wang and Zhong, 2015). Evidence shows a decreasing arthritis index, and promoting apoptosis in CIA mice, which is injected with IL-35 intraperitoneally (Li et al., 2016b). Moreover, by upregulating the secretion of IL-35, it is found that IL-35 reduces antigen-specific local inflammation and impaired disease development of RA in CIA mice (Yin et al., 2016; Koga et al., 2021). Besides, the antagonist of IL-35 is injected into the joint space and exerted the highest anti-inflammatory effects (Abdi et al., 2018). IL-35 is also found dose-dependently inhibiting the expression level of RANKL and increasing the expression of OPG (Li et al., 2016c). Moreover, it downregulates the expression level of VEGF and its receptors in CIA mice, which is important for angiogenesis (Wu et al., 2016b). While another study shows similar consequences by using a murine Matrigel plugs model (Jiang et al., 2016c). Taking all these studies into account, IL-35 can inhibit the development of RA effectively in mice. But, It also shows a statistically significant increase in clinical scores of CIA after receiving an injection of two distinct plasmids encoding IL-35 gene 3 and 18 days in CIA mice (Thiolat et al., 2014). It means that IL-35 may be elevated in early RA and play a negative role.
Notably, secretion of IL-35 is investigated in synvium from RA patients, and EBI-3/p35 transcripts are expressed (Kam et al., 2018a). A study shows that IL-35 suppressed T cell activation during the peripheral immune responses of RA patients (Li et al., 2019b), and evidence shows IL-35 has a lower expression level in peripheral blood of RA patients than controls (Sun et al., 2015). Several studies have confirmed this result (Ning et al., 2015; Xie et al., 2021). It suggests that IL-35 correlates with the pathogenesis of RA in vivo. The serum expression level of IL-35 and the number of Tregs are found to decrease significantly in peripheral blood harvested from patients with RA (Nakano et al., 2015a). Further studies show that low expression level of serum IL-35 correlates with high ESR and DAS28-ESR (DAS28 erythrocyte sedimentation rate) in RA patients (Li et al., 2019c). Thus, the expression level of IL-35 is correlated with the severity of RA. The study evaluates the effect of IL-35 on human osteoclastogenesis, and find it significantly decreased the expression level of RANK mRNA in monocytes in a dose-dependent manner (Yago et al., 2018). Besides, IL-35 shows an inhibiting effect on endothelial cell migration, adhesion, and tube formation in HUVEC (Jiang et al., 2016d). It indicates that IL-35 may have therapeutic potential for RA by inhibiting osteoclastogenesis and angiogenesis. Interestingly, a study shows the expression level of serum IL-35 is significantly higher in patients with treatment naïve early RA compared to controls, and significantly decreased after treatment (Jiang et al., 2016d). It may provide us an opportunity to control early RA by regulating the expression level of IL-35 in the human body. Thus, it is imperative to find a way for IL-35 to play a greater role in RA treatment.
TABLE 1 | IL-12 family in RA.
[image: Table 1]TABLE 2 | The targets of IL-35 in RA.
[image: Table 2]TABLE 3 | Expression of IL-35 in RA.
[image: Table 3]FUTURE PERSPECTIVES
Since the discovery of IL-35, great progress has been made in exploring the expression, regulation, and function of IL-35 in autoimmune diseases. With the deepening research, the relationship between immune-related diseases such as RA and gut microbiota has been gradually discovered (Wu et al., 2016). Studies have shown that gut microbiota protected humans and mice away from RA by regulating intestinal and parenteral regulation. The intestinal immune response depends on the composition of microorganisms, which produces a series of enzymes, chemicals, hormones, vitamins, etc., that could interact with the metabolism of the host. When RA-related bacteria appeares in large quantities, the imbalance of gut microbiota reduces the growth of probiotics, thus inducing the incidence of RA (Maeda and Takeda, 2017; Balakrishnan et al., 2019), and the change of gut microbiota may occur before the onset of RA (Jeong et al., 2019). Evidence reveales that IL-12 can induce microbiota-driven chronic intestinal inflammation in inflammatory bowel disease (Eftychi et al., 2019a). Study shows the potential therapeutic utility of IL-12 about the gut microbiota, which in a murine model of chronic intestinal inflammation systemically treated with antibodies to IL-12 (Duchmann et al., 1996), and IL-23 is found to regulated gut microbiota to trigger severe intestinal inflammation in animal models (Kullberg et al., 2006). Faecal samples are collected to analyze the microbiota community profiles using next-generation sequencing (Rehaume et al., 2019) and find an abundance of specific strains changed with disease severity in mice treated with anti-IL-23 (Manasson et al., 2020). Furthermore, evidence shows it can affect the composition of the gut microbiota by using IL-27 and antibody against IL-27 in mice (Lavoie et al., 2020). (Figure 4) To sum up, the research progress on gut microbiota could provides a choice for us to regulate intestinal and extraintestinal immune responses, and the IL-12 family including IL-12, IL-23, IL-27 could influence the progression of autoimmune diseases. Therefore, as a member of the IL-12 family, it is worth exploring whether IL-35 could also influence autoimmune diseases such as RA by affecting gut microbiota balance.
[image: Figure 4]FIGURE 4 | Gut microbiota in RA. The human gut microbiota has a critical role in the pathogenesis of RA. By an interdependent functional relationship, the composition and functions of the gut microbiota plays a role in regulating the Th17/Treg cells balance and affected the host immune responses. Bacteroides fragilis as a normal symbiotic bacterium in the human gut, it mediates the conversion of CD4+ T cells to interleukin (IL)-10 through a specific molecule, polysaccharide a (PSA), to produce Foxp3+ Treg cells. While Segmented filamentous bacterium (SFB), commensal, is found inducing and activating of Th17 cells in the lamina propria, which subsequently secreted pro-inflammatory cytokine (IL-17), and enhanced mucosal immune responses of the host.
Meanwhile, growing gene-editing technology is offering help to treat various diseases through gene knockout or gene loss. For example, with CRISPR-Cas9 targeting the BCL11A erythroid-specific enhancer, γ-globin expression and fetal hemoglobin in erythroid cells is promoted in Transfusion-dependent β-thalassemia and sickle cell disease (Frangoul et al., 2021), and it is reported that CRISPR gene editing is used for cancer immunotherapy by CRISPR-Cas9 editing to engineer T cells in the treatment of refractory cancer (Stadtmauer et al., 2020). Generally, for precisely manipulating cellular DNA sequences and altering cell fates and organism traits, the technique of using CRISPR will soon be in the clinic for several diseases (Doudna, 2020). Moreover, CRISPR is already participated in the clinical application of autoimmune diseases (Safari et al., 2018). Study shows that M1/M2 monocytes imbalance strongly contributes to pathogenesis of RA (Fukui et al., 2017). CRISPR/Cas9 is used to knock out GRK2 gene, which has a capacity in regulating M1/M2 monocytes imbalance, and shows a potential for treating patients with RA by downregulating M1/M2 ratio (Tardito et al., 2019). Another study shows that miR-155 gene-knockdown macrophage cells are impaired in producing proinflammatory cytokines, but increased in osteoclastogenesis (Jing et al., 2015). A CRISPR/Cas9 system which target on IFN-γ gene is designed in inflammatory bowel disease mice models. It is observed that the IFN-γ is deficient, and the damage to the intestinal epithelial cells are prevented (Eftychi et al., 2019b). Taken together, CRISPR/Cas9 shows a potiential in changing the balance of immune cells or the secretion of inflammatory cytokines. Therefore, modulating the expression level of IL-35 through gene-editing technology may become a new therapy for RA.
CONCLUSION
In conclusion, as a new member of the IL-12 family, IL-35 is a heterodimeric protein composed of two subunits, EBI3, and IL-12p35. IL-35 is an inhibitory cytokine secreted mainly by Tregs and has a significant anti-inflammatory effect. It is widely involved in the immune response process in vivo and is closely related to the occurrence and development of inflammatory diseases such as RA. Furthermore, it can induce Tregs to produce iTR35 cells with stronger anti-inflammatory function and a more stable effect. At the same time, IL-35 can significantly inhibit the abnormal differentiation of Th17 cells to reduce the secretion of IL-17, and then effectively inhibits the development of inflammation. IL-35 can inhibit the proliferation of FLS, angiogenesis, and bone destruction caused by inflammation through JAK-STAT, Ang2-Tie2, and Wnt-β-catenin signaling pathways to relieve the symptoms of RA greatly. In clinical research, IL-35 shows that it plays an important role in the pathogenesis of RA, and it may be used as a potential target for the future treatment of RA with the further exploration of IL-35 function.
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Osteoarthritis (OA) is a kind of degenerative disease, which is caused by many factors such as aging, obesity, strain, trauma, congenital joint abnormalities, joint deformities. Exosomes are mainly derived from the invagination of intracellular lysosomes, which are released into the extracellular matrix after fusion of the outer membrane of multi vesicles with the cell membrane. Exosomes mediate intercellular communication and regulate the biological activity of receptor cells by carrying non-coding RNA, long noncoding RNAs (lncRNAs), microRNAs (miRNAs), proteins and lipids. Evidences show that exosomes are involved in the pathogenesis of OA. In view of the important roles of exosomes in OA, this paper systematically reviewed the roles of exosomes in the pathogenesis of OA, including the roles of exosomes in OA diagnosis, the regulatory mechanisms of exosomes in the pathogenesis, and the intervention roles of exosomes in the treatment of OA. Reviewing the roles of exosomes in OA will help to clarify the pathogenesis of OA and explore new diagnostic biomarkers and therapeutic targets.
Keywords: exosomes, non-coding RNA, long noncoding RNA, osteoarthritis, microRNA
INTRODUCTION
Exosomes are small membrane bubbles (40–150 nm) containing complex RNAs and proteins. Many cells can secrete exosomes in physiological and pathological states. They are mainly derived from the vesicles formed by the collapse of lysosomal particles, which are released into extracellular matrix after fusion of the outer membrane and cell membrane (Zhang and Yu, 2019; Kalluri and LeBleu, 2020).
Almost all types of cells can secrete exosomes, which naturally exist in body fluids, including blood, saliva, urine, cerebrospinal fluid and milk. The precise molecular mechanisms of their secretion and uptake, composition, “carrier” and corresponding functions has just begun to be studied (Meldolesi, 2018). Exosomes are considered as specific vesicles and participate in intercellular communication. There is a growing interest in the study of exosomes, whether to study their functions or to understand how to use them in the development of minimally invasive diagnosis (Mashouri et al., 2019).
When exosomes are secreted from host cells into receptor cells, exosomes can regulate the biological activity of receptor cells by carrying proteins, nucleic acids and lipids (Gonda et al., 2019). Exosome mediated intercellular communication mainly through the following ways. First, exosome membrane proteins can bind to target cell membrane proteins and activate signal pathways in target cells. Second, in the extracellular matrix, exosome membrane proteins can be cleaved by proteases. The cleaved fragments can act as ligands to bind to receptors on the cell membrane, thus activating intracellular signaling pathways. Thirdly, the exosome membrane can fuse directly with the target cell membrane, and non-selectively release proteins, mRNAs, microRNAs (miRNAs) and long noncoding RNAs (lncRNAs) (Familtseva et al., 2019; Jiang et al., 2019).
When exosomes are first discovered, they are considered as a way for cells to excrete waste. Nowadays, with a large number of studies on their biological sources, material composition, transportation, intercellular signal transduction, and distribution in body fluids, exosomes have been found to have a variety of functions (Shan et al., 2019). Exosomes can participate in immune response, antigen presentation, cell migration, cell differentiation, tumor invasion. Studies have shown that exosomes participate in the pathological mechanisms of osteoarthritis (OA), and promote the pathological development of OA (Chen B. Y. et al., 2019; Zhou Q. F. et al., 2020) (Figure 1).
[image: Figure 1]FIGURE 1 | Maturation and secretion mechanisms of exosomes. After most endosomes mature to multivesicular bodies (MVB) or late endosomes, their contents, RNAs, proteins, lipids are packaged as intraluminal vesicles (ILV) in MVB. With the fusion of MVB and cell membrane, ILV are released as exosomes and enter target cells by endocytosis, which affect the physiological and pathological mechanisms of target cells, such as proliferation, apoptosis, activation and inhibition.
OA is a kind of degenerative disease, which is caused by many factors such as aging, obesity, strain, trauma, congenital joint abnormalities, joint deformities (Hunter and Bierma-Zeinstra, 2019; Kan et al., 2019). The disease is more common in the middle-aged and elderly people, and occurs in the weight-bearing joints and joints with more activity (such as cervical spine, lumbar spine, knee joint, hip joint, etc.). Excessive weight bearing or the use of these joints can promote the occurrence of degenerative changes. The clinical manifestations includes joint swelling, joint stiffness, joint movement limitation (Sacitharan, 2019; Abramoff and Caldera, 2020).
The main symptom is joint pain, often rest pain, which is manifested as pain after rest. After a moment of activity, the pain is relieved, but after too much activity, the pain is aggravated (Mandl, 2019). Another symptom is joint stiffness, which often occurs in the morning or after the joint maintains a certain position for a long time in the daytime. Joint swelling can be seen in the affected joints. There is a sense of friction or “click” sound during activity. Muscle atrophy and joint deformity can be found in severe cases (O'Neill and Felson, 2018; Geyer and Schönfeld, 2018).
At present, mesenchymal stem cells (MSCs) are considered to be related to the development of OA. Some people believe that the paracrine of nutritional factors, including exosomes mediated secretion, plays an important role in MSC based OA treatment mechanisms (Colombini et al., 2019; Song et al., 2020). There is evidence that the paracrine of exosomes may play important roles in the repair of joint tissue. Exosomes isolated from various stem cells contribute to tissue regeneration of heart, limbs, skin and other tissues, and exosomes derived from MSCs may inhibit the pathological development of OA (Mianehsaz et al., 2019).
In this work, we reviewed the role of exosomes in the pathogenesis of OA, which will help to clarify the pathogenesis of OA and explore new diagnostic biomarkers and therapeutic targets.
CIRCULATING EXOSOMES AS DIAGNOSTIC BIOMARKERS OF OSTEOARTHRITIS
Exosomes in Peripheral Blood
Exosomes may play important roles in OA diagnosis, and the miRNAs, lncRNAs and other inclusions in exosomes may be new biomarkers for OA diagnosis (Otahal et al., 2020). In OA, miR-193b-3p regulates the chondrogenesis and chondrocyte metabolism by targeting the histone deacetylase 3 (HDAC3). The expression of miR-193b-3p increases in chondrogenic and hypertrophic human MSCs, but decreases in degenerative cartilage. The level of plasma exosomal miR-193b-3p in OA patients is significantly lower than that in control group, suggesting that the exosomal miR-193b-3p may be a new diagnostic marker for OA (Meng et al., 2018).
Plasma exosomes of OA patients can induce OA chondrocytes to express cartilage genes and inhibit the release of inflammatory cytokines. This highlights the potential of plasma exosome inclusions as regulators of extracellular matrix metabolism and inflammation, and may be candidates for a new approach of cell-free therapy and diagnosis of OA (Chang et al., 2018).
Exosomes in plasma of OA patients have been found to have new potential in relieving knee osteoarthritis. The mechanisms may be that exosome inclusions promote the chondrocyte proliferation and inhibit the chondrocyte apoptosis through the Wnt/β-catenin signaling pathway. It also suggests the feasibility of exosome inclusions as diagnostic markers for OA (Yuan et al., 2016). In OA chondrocytes treated by IL-1β, platelet-rich plasma (PRP) exosomes can inhibit the release of TNF-α, promote the proliferation of OA chondrocytes, and significantly reduce the apoptosis rate of OA chondrocytes. PRP exosomes, as carriers containing PRP derived growth factors, provide a new way for the diagnosis of OA (He et al., 2020).
The levels of lncRNA PVT1 and high mobility groupprotein B1 (HMGB1) are up-regulated, while the level of miR-93-5p is down-regulated in serum and LPS induced C28/I2 cells. PVT1 deletion can reverse the decrease of cell viability, increase of apoptosis and inflammation induced by LPS in C28/I2 cells. PVT1 regulates the expression of HMGB1 through miR-93-5p. Inhibition of miR-93-5p can eliminate the apoptosis, inflammatory response and collagen degradation of C28/I2 cells mediated by PVT1 silencing. The increase of HMGB1 reverses the up-regulation of miR-93-5p mediated apoptosis and inflammation of C28/I2 cells. In addition, PVT1 regulates the TLR4/NF-κB pathway through miR-93-5p/HMGB1 axis. Obviously, PVT1 gene knockout by exosomes can inhibit the pathological development of OA through miR-93-5p mediated HMGB1/TLR4/NF-κB pathway, and these exosomal inclusions may be new diagnostic markers for OA (Xue et al., 2019; Meng et al., 2020; Sun et al., 2020).
Exosomes in Synovial Fluid
There are gender differences in exosome proteins in synovial fluid of patients with OA (Kim et al., 2020). Studies have shown that exosome-derived miRNAs in synovial fluid of OA patients were changed, and these changes were gender specific. For example, female OA specific miRNAs targeted the estrogen responsive toll-like receptor (TLR) signaling pathway. After OA derived exosomes treatment, the expression of anabolic genes decreased, catabolic genes were up-regulated, and the expression of inflammatory genes also increased significantly (Kolhe et al., 2017).
In the synovial fluid exosomes of female OA, the levels of haptoglobin, orosomucoid and ceruloplasmin are up-regulated, while the level of apolipoprotein is down-regulated. In the synovial fluid exosomes of male OA, the levels of β-2-glycoprotein and complement component five protein are significantly up-regulated, while the level of Spt-Ada-Gcn5 acetyltransferase (SAGA)-related factor 29 is down-regulated. There are gender differences in synovial fluid exosome protein content in OA patients, which indicates that these differentially expressed proteins may be new diagnostic markers for OA (Kolhe et al., 2020).
Synovial fluid contains various cytokines, and most of them are not only in free form, but also enriched in exosomes (Carlson et al., 2018). Compared with the cytokine spectrum of synovial fluid, the exosomes of patients with end-stage OA have more cytokine content, especially chemokines. Synovial fluid derived exosomes recruit inflammatory cells, inhibit cartilage proliferation and promote joint degeneration. Synovial fluid microenvironment and exosomes mediated intercellular communication provide a new perspective for OA pathological research, and these exosomal cytokines may be new diagnostic biomarkers for OA (Gao et al., 2020).
Exosomal lncRNAs in synovial fluid are valuable in the differential diagnosis of early and late-stage OA. For example, the levels of exosomal lncRNAs in early OA and late-stage OA synovial fluid are significantly higher than that in control group. The expression of lncRNA PCGEM1 in patients with late-stage OA is significantly higher than that in patients with early OA, and the expression of PCGEM1 in early OA is significantly higher than that in control group. Exosomal PCGEM1 may be a powerful indicator to differentiate early OA from late-stage OA (Zhao and Xu, 2018).
EXOSOMES IN OSTEOARTHRITIS PATHOGENESIS
Exosomes from various tissues play important roles in the pathogenesis of OA. IL-1β induced MSCs exosomes have obvious anti-inflammatory activity in OA sw982 cells. The roles of IL-1β in inducing MSC-derived exosomes is mediated by miR-147b, leading to the inhibition of NF-κB pathway (Kim et al., 2021). By comparing the expression of miRNAs in the exosomes of human bone marrow MSCs with that without cartilage induction, 141 differentially expressed miRNAs are found, including 35 up-regulated miRNAs, such as miR-92a, miR-193a-5p, miR-320c, miR-1246, miR-1290, 106 down -regulated miRNAs, such as miR-377-3p and miR-6891-5p. MiR-320c in the induced exosomes promotes the proliferation of OA chondrocytes and down-regulates the MMP13 expression more than that in control group. These miRNAs can induce cartilage and may play important roles in cartilage regeneration and the final treatment of OA (Sun et al., 2019) (Figure 2).
[image: Figure 2]FIGURE 2 | Injection therapy of exosomes. Direct injection of exosomes carrying miRNAs and lncRNAs can significantly down-regulate arthritis score, inhibit FLS proliferation and invasion, and reduce inflammatory response and joint damage.
Exosomes Derived From Synovial Mesenchymal Stem Cells
Exosomes derived from OA synovial MSCs with miR-140-5p overexpression are effective for OA treatment. Wnt5a and wnt5b in exosomes can activate the Yes-associated protein (YAP) through the Wnt signaling pathway and promote the proliferation and migration of chondrocytes. The side effect is significantly reduction of the ECM secretion, and the high expression of miR-140-5p blocks this side effect. In vivo, Exosomes derived from miR-140-5p-overexpressing human synovial MSCs successfully prevent the OA in model rats (Tao et al., 2017). MiR-129-5p in human synovial MSC exosomes attenuates the IL-1β induced OA by targeting the HMGB1. In OA patients and IL-1β induced chondrocytes, miR-129-5p is decreased, while HMGB1 is significantly up-regulated. MiR-129-5p targets the 3′UTR of HMGB1 and inhibits the up-regulation of HMGB1. Exosomes rich in miR-129-5p can significantly reduce the inflammatory response and apoptosis of chondrocytes, while exosomes lacking miR-129-5p increases the inflammatory response and apoptosis of chondrocytes (Qiu et al., 2021).
Synovial fluid derived MSCs transplantation is an effective method to treat OA cartilage degeneration. kartogenin (KGN) is a small molecule that can induce MSCs to differentiate into chondrocytes in vitro and in vivo. It controls the chondrogenic differentiation of transplanted MSCs. However, the poor water solubility of KGN limits its clinical application. The exosomes containing KGN can effectively solve this technical problem. MSCs binding peptide E7 is fused with exosome membrane protein Lamp 2b to produce exosomes with surface display E7 peptide (E7 exo). The E7 exo containing KGN could effectively enter MSCs, and the degree of cartilage differentiation is higher than that of KGN alone or without E7 exo (Xu et al., 2021). The E7 exo containing KGN pretreated bone marrow MSCs have higher cartilage repair efficiency, stronger cartilage matrix formation and less degradation than those from bone marrow MSCs (Liu et al., 2020).
In exosomes derived from synovial fibroblasts, overexpressed miR-126-3p inhibits the chondrocyte inflammation and cartilage degradation in OA model rats, which may have certain therapeutic value for OA patients (Zhou et al., 2021). MiR-26a-5p is low expressed in OA patients and synovial fibroblasts treated with IL-1β, while PTGS2 is high expressed. PTGS2 is a direct target of miR-26a-5p. Overexpression of miR-26a-5p alleviates the injury of synovial fibroblasts by inhibiting the PTGS2. Obviously, overexpression of miR-26a-5p inhibits the injury of synovial fibroblasts in OA through the PTGS2, which is of great significance for the treatment of OA (Jin et al., 2020b).
Exosomal lncRNA H19 in synovial fibroblasts attenuates the progression of OA through miR-106b-5p/TIMP2 axis. Cartilage repair mediated by exosomes is characterized by increased cell viability and migration as well as reduced matrix degradation. In the process of exosomes mediated cartilage repair, the enhancement of cell proliferation and migration is related to the regulation of miR-106b-5p/TIMP2 axis. Transfection of miR-106-5p mimics in chondrocytes significantly reduces the cell proliferation and migration, promotes the matrix degradation, increases the expression of MMP13 and ADAMT5, and decreases the expression of COL2A1 and ACAN in chondrocytes. TIMP2 is directly regulated by miR-106-5p. This suggests that H19 may promotes the chondrocyte proliferation and migration and inhibits the degradation of OA matrix by targeting miR-106b-5p/TIMP2 axis in OA pathogenesis (Tan et al., 2020).
Exosomes Derived From Bone Marrow Mesenchymal Stem Cells
Exosomal lncRNA KLF3-AS1 from human bone marrow MSCs can be used as an effective therapeutic molecule for OA patients. KLF3-AS1 is significantly enriched in the exosomes of MSCs. The exosomal KLF3-AS1 inhibits the apoptosis of chondrocytes and improves the cartilage injury induced by IL-1β. KLF3-AS1 may be a potential therapeutic target for OA (Liu et al., 2018b).
In OA model mice induced by collagenase, bone marrow MSC-derived exosomes increase the chondrogenic genes type II collagen alpha 1 (Col2a1) and aggrecan, decrease the markers of chondrocyte hypertrophy MMP-13 and runt-related transcription factor 2 (Runx2), and attenuate the IL-1β induced inhibition of chondrocyte proliferation. Exosomes derived from KLF3-AS1-overexpressing-MSCs ameliorate the IL-1β induced chondrocyte injury. Interestingly, KLF3-AS1 promotes the GIT1 expression by adsorbing the miR-206. Thus bone marrow MSC-derived exosomes promote the osteoarthritis chondrocyte proliferation and inhibit the apoptosis through the KLF3-AS1/miR-206/GIT1 axis (Liu et al., 2018a).
MiR-127-3p is enriched in bone marrow MSC-derived exosomes, and bone marrow MSC-derived exosomes inhibit the IL-1β induced chondrocyte injury. MiR-127-3p can inhibit the CDH11 of chondrocytes, thus blocking the activation of Wnt/β-catenin pathway and alleviating the damage of OA chondrocytes (Dong et al., 2021).
Mao et al. (2018b) investigated the expression of miR-92a-3p in human bone marrow MSC chondrogenesis model and OA primary human chondrocytes (PHCs) in vitro. Interestingly, the expression of miR-92a-3p increased in MSC chondrocytes and decreased in OA chondrocytes. MSC-miR-92a-3p-exos promoted the cartilage proliferation and matrix gene expression of MSCs and PHCs, while MSC-anti-miR-92a-3p-exos inhibited the chondrocyte differentiation and cartilage matrix synthesis by enhancing the Wnt5a expression. MiR-92a-3p regulates the cartilage development and homeostasis by directly targeting the Wnt5a, suggesting its important roles in OA pathology.
After IL-1β is added to rabbit bone marrow MSCs and chondrocytes cultured in vitro, chondrocyte viability decreases, cell apoptosis and mitochondrial membrane potential changes significantly. However, these changes disappeared after adding bone marrow MSC-derived exosomes. Compared with IL-1β group, the exosomes of bone marrow MSCs inhibit the phosphorylation of p38 and ERK, and promote the phosphorylation of Akt. These findings suggest that bone marrow MSC-derived exosomes inhibit the chondrocyte apoptosis through p38, ERK and Akt pathways (Qi et al., 2019).
MSCderived exosomes inhibit the pathogenesis of OA by inhibiting syndecan-1. Injection of exosomes containing miR-9-5p can alleviate inflammation and OA like injury, down-regulate the levels of inflammatory factors, alleviate the oxidative stress injury, and reduce the levels of OCN, MMP-13, comp and AKP. Syndecan-1 is the target of miR-9-5p. Up-regulation of syndecan-1 leads to aggravation of inflammation and OA like injury. The exosomal miR-9-5p derived from bone marrow MSC has anti-inflammatory and cartilage protective effects on OA by regulating the syndecan-1 (Jin et al., 2020a).
The expression of ELF3 increases and the expression of miR-136-5p decreases in traumatic OA cartilage. MiR-136-5p is confirmed to target the ELF3 and down-regulates its expression. After chondrocytes internalizes exosomes, the expression of ELF3 decreases. The exosomal miR-136-5p, derived from bone marrow MSCs, can promote the chondrocyte migration in vitro and inhibits the cartilage degeneration in vivo, thereby inhibiting the pathological changes of OA (Chen et al., 2020).
The stimulating effects of exosomes isolated from osteoblasts of coxarthrosis on bone marrow MSCs are mainly manifested in the catabolism and osteogenic differentiation. Interestingly, this has nothing to do with donor pathology, reflecting the influence of exosomes on tissue microenvironment and cell metabolism in coxarthrosis (Niedermair et al., 2020).
Exosomes Derived From Primary Chondrocytes
The exosomes of primary chondrocytes may play a role in the treatment of OA. Zheng et al. (2019) isolated exosomes from primary chondrocytes cultured in normal and IL-1β induced inflammatory environment, and found that there were more mitochondrial proteins in exosomes of chondrocytes in normal group. Intra-articular injection of exosomes of chondrocytes in normal group successfully prevented the development of OA. Studies have shown that chondrocyte exosomes restored the mitochondrial dysfunction and promoted the macrophages to differentiate into M2 phenotypes.
Drug delivery is the key to the successful clinical application of nucleic acid drugs, and exosomal miRNAs in the treatment of OA has brought a new perspective to the treatment of OA. MiR-140 is not only significant in promoting the cartilage formation and inhibiting the degeneration, but also plays an important role in cartilage development (Duan et al., 2020). Liang et al. (2020) fused chondrocyte-affinity peptide (CAP) with lysosome associated membrane glycoprotein 2b on the surface of the exosomes to obtain cap exosomes. This exosomes could effectively encapsulate miR-140, specifically enter chondrocytes, and transport miR-140 to chondrocytes. Studies have shown that cap exosomes could also transfer miR-140 to the deep cartilage region through the dense mesochondral membrane, inhibited the cartilage degradation protease, and suppress the progress of OA.
MiR-95-5p regulates the chondrogenesis and cartilage degradation through the histone deacetylase (HDAC) 2/8. MiR-95-5p overexpression of primary chondrocyte derived exosomes may be effective in the treatment of OA. HDAC 2/8 is up-regulated in OA tissues and exosomes secreted by chondrocytes, and mediates the expression of specific genes in chondrocytes. MiR-95-5p directly acts on the 3′UTR of HDAC 2/8 to promote the cartilage formation and prevent OA by directly targeting the HDAC 2/8 (Mao et al., 2018a).
Transcription factor 4 (ATF4) plays an important role in chondrocyte proliferation and bone formation. It has been proved that the serum derived exosomes of OA mice has therapeutic effects on OA model mice (Chen D. et al., 2019). Studies have shown that intra-articular injection of ATF4-OA-Exosomes can reduce the degeneration, damage and inflammatory reaction of articular cartilage in OA model mice, and partially restore the autophagy function of knee cartilage. Furthermore, ATF4-OA-Exosomes promote the autophagy and inhibit the apoptosis in TNF-α or tunicamycin treated chondrocytes (Wang Y. et al., 2021).
Exosomes Derived From Human Embryonic Stem Cells
The exosomes derived from human ESC-induced MSCs (ESC-MSCs) are involved in the therapeutic mechanisms of alleviating OA. In destabilization of the medial meniscus (DMM) model mice, intra-articular injection of ESC-MSCs reduces the cartilage destruction and matrix degradation in DMM model, which is mediated by ESC-MSCs derived exosomes. In the presence of IL-1β, these exosomes maintain the chondrocyte phenotype by increasing the type II collagen synthesis and decreasing the ADAMTS5 expression. Immunocytochemistry shows that the exosomes are colocalized with type II collagen positive chondrocytes. This provides a new target for the development of OA drugs and drug delivery systems (Wang et al., 2017).
Exosomes Derived From Chondrogenic Progenitor Cells
Chondrogenic progenitor cells have high self-renewal ability and chondrogenic potential. Wang et al. (2020) found that intra-articular injection of exosomes secreted by chondrogenic progenitor cells in MRL/MpJ superhealer mice promoted the repair of articular cartilage injury in mice. By comparing the miRNA expression profiles of control CBA (CBA EVs) and MRL/MPJ mouse chondroblasts, the differentially expressed exosomal miRNAs were involved in a variety of biological processes. Among them, 80 miRNAs were significantly up-regulated and 100 were down-regulated, and 20 disordered miRNAs linked OA repair through the AMPK signaling, autophagy regulation and insulin signaling. The mechanisms of exosomes involved in OA may be more related to miRNAs (Toh et al., 2017).
Exosomes Derived From Vascular Endothelial Cells
Exosomes from vascular endothelial cells have been proved to be involved in the pathogenesis of many diseases, and their roles in the OA pathogenesis have also been confirmed. Exosomes derived from vascular endothelial cells promote the pathological development of OA by inducing the chondrocyte apoptosis. These exosomes can inhibit the autophagy and p21 expression, reduce the ability of chondrocytes to resist the oxidative stress, increase the content of ROS and induce the apoptosis. Exosomes derived from vascular endothelial cells promote the progress of OA and provide new ideas for the diagnosis and treatment of OA (Yang et al., 2021).
Exosomes Derived From Adipose-Derived Stem Cells
ADSCs are candidate cells for anti-inflammatory and cytoprotective effects on cartilage. Exosomes mediate the paracrine effect of ADSCs and down-regulate the aging characteristics of OA osteoblasts (Tofiño-Vian et al., 2017). ADSCs promote the chondrogenesis and inhibit the inflammation. Patients with OA are usually associated with obesity and chronic inflammation. Exosomes isolated from ADSCs down-regulate the expression of IL-6, NF-κB and TNF-α, and up-regulate the expression of IL-10. Exosome therapy can protect the articular chondrocytes from H2O2 induced apoptosis. In addition, exosome therapy promotes the chondrogenesis of periosteal cells and increases the level of chondrogenic markers, including type II collagen and β-catenin. Wnt signaling pathway may be its downstream signaling pathway. The periosteal cells with exosomes show high levels of miR-145 and miR-221, and the miR-145 and miR-221 are related to the enhancement of periosteal cells and chondrogenic potential, respectively (Zhao et al., 2020).
For exosomes derived from MSCs of infrapatellar fat pad (IPFP), miR-100-5p-abundant exosomes protect the articular cartilage and improve the gait abnormality by inhibiting the mTOR signal of OA. IPFP MSCs can produce a large number of exosomes, which show typical morphological characteristics of exosomes. IPFP MSC-derived exosomes can reduce the severity of OA, inhibit the apoptosis, promote the matrix synthesis and reduce the expression of catabolic factors. These exosomes can significantly enhance the autophagy level of chondrocytes through the mTOR inhibition. The detection of luciferase reporter gene shows that mir-100-5p combines with the mTOR’s 3′UTR, which reverses the mTOR signal pathway. It is important that intra-articular injection of antagormir-100-5p significantly reduces the protective effects of MSC-derived exosomes on articular cartilage. These IPFP MSCs are expected to be a potential therapy for OA (Clockaerts et al., 2010; Wu et al., 2019).
Exosomes Derived From Human Dental Pulp Stem Cells
Exosomes of human DPSCs can inhibit the chondrocyte apoptosis in OA model rats. After transfection of DPSCs with miR-140-5p mimics, the exosomal miR-140-5p increased significantly. In IL-1β treated human chondrocytes, DPSC-derived exosomes promote the expression of chondrocyte related mRNAs, including aggrecan, Col2α1 and Sox9. Exosomes containing miR-140-5p significantly enhance this phenomenon. MiR-140-5p rich exosomes derived from DPSCs may play an anti-apoptotic role by regulating the expression of apoptosis related proteins. The exosomes of DPSCs may be a potential strategy for the treatment of OA (Lin et al., 2021).
Exosomes derived from stem cells of human exfoliated deciduous teeth (SHED) have a certain therapeutic effect on temporomandibular arthritis. MiR-100-5p is enriched in these exsomes. SHED exosomes inhibit the expression of IL-6, IL-8, MMP1, MMP3, MMP9, MMP13, disintegrin and metalloproteinase with thrombospondin motifs 5 (ADAMTS5). The chondrocytes treated with miR-100 mimics show low expression of the MMP1, MMP9, MMP13, ADAMTS5 and mTOR. On the contrary, miR-100 inhibition up-regulates these targets. Furthermore, miR-100-5p directly targets the 3′UTR of mTOR, and inhibits the expression of mTOR (Luo et al., 2019).
Exosomes Derived From Monocyte Derived Cells
LncRNA MM2P and exosomes mediate the Sox9 transfer from monocyte derived cells to primary chondrocytes. Treatment of RAW264.7 mouse macrophages and mouse bone marrow-derived macrophages with IL-4 or IL-13 up-regulate the expression of MM2P. MM2P blocks the SHP2 mediated dephosphorylation of STAT3 at Try705 and interacts with RNA binding protein FUS. In turn, p-STAT3 increases the Sox9 gene expression. These cells release the Sox9 mRNA and exosomes containing proteins. The supernatant of these cells can promote the differentiation of primary chondrocytes, that is, up-regulates the expression of the Col1a2 and Acan genes, and promotes the secretion of extracellular matrix components. These effects are mediated by Sox9 mRNA and protein delivered to chondrocytes by exosomes. MM2P and its exosomes may be new therapeutic and diagnostic targets for OA (Bai et al., 2020).
Exosomes Derived From Amniotic Fluid Stem Cells
The exosomes secreted by AFSCs have a certain effect on the treatment of OA. AFSCs can secrete exosomes with growth factors and immune regulatory molecules, which can prevent tissue degradation and induce the cartilage repair. Compared with the control group, the exosomes treated model animals show stronger pain tolerance and improved the histological score. Exosomes containing TGF-β can induce the cartilage recovery, which has better surface regularity and hyaline cartilage characteristics, and is positively correlated with the content of TGF-β. It is easier to detect macrophage markers in exosomes treated joints, which suggests that AFSC exosomes can regulate the macrophage polarization (Beretti et al., 2018; Zavatti et al., 2020).
Exosomes Derived From Polydactyly Bone Mesenchymal Stem Cells
Zhou X. et al. (2020) obtained a special kind of MSCs from the bone marrow of patients with polydactyly, and found that polydactyly bone marrow-derived MSCs (pBMSCs) played certain roles in the pathological mechanisms of OA. It was important that pBMSCs have stronger ability to differentiate into chondrocytes than BMSCs. Exosomes secreted by pBMSCs stimulated the migration and proliferation of chondrocytes. The expression of BMP4 in pBMSCs was significantly higher than that in BMSCs, and the pBMSCs regulate chondrocyte formation through the BMP4 signal.
Exosomes Derived From Mesenchymal Stem Cells of Temporomandibular Joint Osteoarthritis
In the immunocompetent model rats of TMJ-OA, MSC-derived exosomes play a key role in inflammatory response, injury behavior, condylar cartilage and subchondral bone healing. Exosomes mediated TMJ repair of OA is characterized by early inhibition of pain and degeneration, followed by reduced inflammation and sustained proliferation. MSC-derived exosomes gradually improve the matrix expression and subchondral bone structure, and promote the overall joint repair and regeneration. MSC-derived exosomes enhance the synthesis of s-GAG synthesis blocked by IL-1β, and inhibit the production of nitric oxide and MMP13 induced by IL-1β. Interestingly, adenosine receptor activation, Akt, ERK and AMPK phosphorylation inhibitors can partially eliminate these effects. Obviously, MSC-derived exosomes promote the repair and regeneration of TMJ in OA through a well coordinated mechanism (Cui et al., 2017; Zhang et al., 2019).
Exosomes Derived From Mesenchymal Stem Cells of Lumbar Facet Joint Osteoarthritis
LFJ OA is one of the common causes of low back pain. In the try of mouse bone marrow MSC-derived exosome treatment, exosomes block the abnormal CGRP positive nerves and abnormal H-type angiogenesis in the LFJ subchondral bone, alleviating the low back pain. Bone marrow MSC-derived exosomes reduce the cartilage degeneration, inhibit the expression of tartrate resistant acid phosphatase, reduce the activation of RANKL-RANK-TRAF6 signal, and promote the subchondral bone reconstruction. Bone marrow MSC-derived exosomes have significant protective effects on patients with LFJ-OA, which may be a potential choice for the treatment of LFJ-OA (Li et al., 2020).
TGF-β1, transforming growth factor β1, regulates the proliferation of chondrocytes through MSC-derived exosomes. In the OA model, TGF-β1 stimulation enhances the expression of miR-135b in the MSC-derived exosomes and increases the survival rate of C5.18 cells. Interestingly, there is a negative regulatory relationship between miR-135b and Sp1. The combination of TGF-β1 and miR-135b inhibitor lead to the decrease of C5.18 cell activity. Obviously, TGF-β1 inhibits the SP1 through miR-135b derived from MSC-derived exosomes, and promotes the chondrocyte proliferation, and then promotes the cartilage repair (Wang et al., 2018).
Effects of Exosomes on Macrophages in Osteoarthritis
Macrophages are derived from mononuclear cells in the blood after penetrating blood vessels. After entering connective tissue, the volume of monocytes increases, the endoplasmic reticulum and mitochondria proliferates, the lysosomes increases and phagocytic function enhances (Meng et al., 2019; Barrett, 2020). Macrophages have a series of continuous functional states. M1 and M2 macrophages are the two extremes of this continuous state. M1 macrophages participate in the positive immune response and play a role in immune surveillance by secreting pro-inflammatory cytokines and chemokines, and presenting antigens. M2 macrophages only have weak antigen presenting ability, and down-regulate the immune response by secreting inhibitory cytokines such as IL-10 or TGF-b, which play an important role in immune regulation. Macrophages play important regulatory roles in OA tissue repair, inflammatory response and chondrocyte proliferation (Wang S. et al., 2019; Russell et al., 2019).
Exosomes of OA chondrocytes promote the production of IL-1β in macrophages. These exosomes inhibit the LPS induced autophagy by inhibiting the expression of ATG4B through miR-449a-5p. The decrease of autophagy leads to the production of mitochondria, which further enhances the activation of inflammatory bodies and the subsequent production of IL-1β. This provides a new perspective for understanding the activation of synovial macrophages and OA pathogenesis in patients with OA (Ni et al., 2019).
MiR-135b is highly expressed in MSC-derived exosomes stimulated by TGF-β1. MiR-135b mimics induce the M2 polarization of synovial macrophases. The effects of miR-135b and TGF-β1-stimulated exosomes on the polarization of M2 synovial macrophases will be reversed by the increase of MAPK6. In conclusion, MSC-derived exosomal miR-135b promotes the polarization of M2 synovial macrophages by targeting the MAPK6, thus alleviating the cartilage damage and providing a new target for the treatment of OA (Wang and Xu, 2021).
OA is a chronic degenerative disease, which leads to limited activity and even disability. Exosomes derived from bone marrow MSCs can delay the progression of OA (Zhao et al., 2018). Exosomes reduce the cartilage damage and synovial macrophage infiltration, inhibit the M1 macrophage production and promote the M2 macrophage production. Exosomes reduce the expression of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in synovial fluid, and increase the release of anti-inflammatory IL-10. It is important that macrophages treated by exosomes maintain chondrogenic properties of chondrocytes. Obviously, bone marrow MSCs-derived exosomes alleviate the OA by promoting the phenotype transformation of synovial macrophages from M1 to M2 (Zhang et al., 2020).
The synovial exosomes stimulate the release of many inflammatory cytokines, chemokines and metalloproteinases by macrophages in OA, but do not affect the expression of CD80 and CD86 costimulator molecules. The purified exosomes has obvious functional activity in stimulating the release of pro-inflammatory factors by M1 macrophages (Domenis et al., 2017) (Table 1).
TABLE 1 | Exosomes reported in the pathogenesis of OA.
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Curcumin alleviates OA by enhancing MSC-derived exosomes. Curcumin significantly restores the expression of miR-143 and miR-124, and up-regulate the expression of NF-KB and ROCK1 in OA pathogenesis. The 3′UTR of NF-KB and ROCK1 contains the binding sites of miR-143 and miR-124, respectively. Importantly, curcumin reduces the DNA methylation of miR-143 and miR-124 promoters, suggesting that curcumin affects the methylation of these two miRNAs (Qiu et al., 2020).
Injection of bone marrow MSC-derived exosomes can alleviate the cartilage injury and pain in patients with OA. For example, exosomes treatment significantly attenuates the inhibitory effects of IL-1β on the chondrocyte proliferation and migration. Exosomes treatment significantly attenuates the IL-1β-induced down-regulation of COL2A1 and ACAN and up-regulation of MMP13 and ADAMT5. Exosomes treatment significantly reduces the up-regulation of CGRP and iNOS in dorsal root ganglion (DRG) of OA model rats. Compared with untreated OA model rats, the paw withdrawal latency (PWL) value of exogenous OA model rats was significantly increased (Liu et al., 2019).
Cosenza et al. (2017) compared the roles of bone marrow MSC-derived exosomes and microbubbles/microparticles (MPs) in OA pathogenesis. In OA chondrocytes, bone marrow MSC-derived exosomes and MPs both could inhibit the catabolism of MMP-13, ADAMTS5 and inflammatory marker iNOS, and re-induce the expression of aggrecan. Both exosomes and MPs could protect chondrocytes from apoptosis, inhibit the activation of macrophages, and protect model mice from joint injury. Exosomes and MPs replicate the main therapeutic effects of BM MSCs, suggesting that exosomes and MPs may contain the same substances that mediate intercellular communication.
In a bone defect treatment experiment, the osteochondral defect model was established in the trochlear groove of the distal femur of rats. One defect was treated with 100 μg human extracellular exosomes, and the exosomes were injected into the joint after operation. Once a week for 12 weeks. Compared with control, the appearance of the defect was enhanced and the histological score was improved. At 12 weeks, the defects treated with exosomes showed complete recovery of cartilage and subchondral bone, which confirmed the effectiveness of human embryonic MSC-derived exosomes in cartilage repair (Zhang et al., 2016).
MiR-155-5p overexpression of synovial MSCs in vitro prevents the OA by reducing the chondrocyte apoptosis and regulating the extracellular matrix (ECM) secretion of chondrocytes. Studies have shown that synovial MSC-derived exosomes promote the proliferation and migration of OA chondrocytes and inhibit their apoptosis, but has no effect on the secretion of ECM. MiR-155-5p overexpression in exosomes show common characteristics and further promote the ECM secretion by targeting the Runx2. Exosomal miR-155-5p effectively prevent the pathological development of OA model mice. Furthermore, overexpression of Runx2 partially reverses the effect of exosomal miR-155-5p on OA chondrocytes, proving that Runx2 is a direct target of miR-155-5p (Wang Z. et al., 2021).
Zhu et al. (2017) compared the efficacy of MSCs from synovial mesenchymal stem cells (SMMSC-Exos) and induced pluripotent stem cells (iMSC-Exos) in the treatment of OA. IMSC-Exos and SMMSC-Exos were injected into the joints of OA model mice induced by collagenase. The difference of therapeutic effects between them were evaluated by pathology, immunohistochemistry, cell count and scratch test. Both iMSC-Exos and SMMSC-Exos could reduce the symptoms of OA model in mice, but the therapeutic effects of iMSC-Exos were better than that of SMMSC-Exos, and iMSC-Exosomes promoted the migration and proliferation of chondrocytes more strongly. Since autologous iMSCs are inexhaustible in theory, iMSC-Exos may be a promising new method for the treatment of OA (Qiong et al., 2020).
CONCLUSION AND PERSPECTIVES
Exosomes are widely distributed in various body fluids, carrying and transmitting important signal molecules, forming a new intercellular information transmission system. Exosomes affect the physiological state of cells and are closely related to the occurrence and process of many diseases (Wang Y. et al., 2019). Almost all types of cells can secrete exosomes, and exosomes are also widely found in body fluids, including blood, tears, urine, saliva, milk, and ascites. At present, studies have found that exosomes contain the nucleic acids (miRNA, lncRNA, circRNA, mRNA, tRNA), protein, cholesterol, etc. The surface markers of exosomes are CD63, CD81, CD9, TSG101 and HSP70 (Li et al., 2018; Konečná et al., 2019). Therefore, exosomes can be associated with almost any disease and become an innovative hot spot in the research of disease biomarkers, disease mechanisms and drug development.
Exosomes transport proteins, mRNA, miRNA, lncRNA, circRNA, and even organelles into receptor cells, and participate in intercellular communication (Zhang et al., 2017). Exosomes play key roles in immune response, inflammation, angiogenesis, apoptosis, coagulation, waste disposal and other physiological processes. Exosomes from different cell sources contain different RNA and protein components, which can be used as early diagnostic biomarkers for a variety of diseases, and can also be used as carrier of drugs for disease treatment (Sung et al., 2018).
In addition, the characteristics of exosomes indicate its potential value in the treatment of OA. First, exosomes have a relatively long life span. Exosomes can be isolated from various body fluids and stored at −80°C for a long time. Secondly, exosomes carry bioactive substances, including mRNAs, miRNAs, lncRNAs and proteins, to protect them from enzymatic degradation, which indicates that exosomes have the potential to deliver nucleic acid and protein drugs to target cells. Third, exosomes can be further modified to carry specific drugs to meet the needs of specific treatment regimens. In this review, we provide evidence of exosomes in the direct and indirect regulation of OA pathogenesis, with particular emphasis on the roles of miRNAs and lncRNAs (Colao et al., 2018; Yamashita et al., 2018).
However, the potential feasibility and targets of exosomes as OA treatment vectors are not fully understood, and the basic and clinical research still has a long way (Lakshmi et al., 2021; Stefanius et al., 2021). In the future, the following problems must be solved. First, exosomes will be isolated and purified to eliminate the interference of vesicles and other cell metabolites. The targets and mechanisms of exosomes in different tissues need to be clarified, and the efficacy and safety of exosomes in different animal models need to be evaluated. Furthermore, we should pay attention to the importance of vesicles secreted by cells. Vesicles are not only the stumbling blocks of exosomes research, but also the next research hotspot, because vesicles may play a more special role than exosomes.
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Background: This study aimed to investigate the molecular mechanism of Radix Paeoniae Alba (white peony, WP) in treating immune inflammatory diseases of rheumatoid arthritis (RA) and tumor necrosis factor-alpha (TNF-α) inhibitors (TNFis) by using network pharmacology and molecular docking.
Methods: In this study, the ingredient of WP and the potential inflammatory targets of RA were obtained from the Traditional Chinese Medicine Systematic Pharmacology Database, GeneCard, and OMIM databases, respectively. The establishment of the RA–WP-potential inflammatory target gene interaction network was accomplished using the STRING database. Network maps of the WP–RA-potential inflammatory target gene network were constructed using Cytoscape software. Gene ontology (GO) and the biological pathway (KEGG) enrichment analyses were used to further explore the RA mechanism and therapeutic effects of WP. Molecular docking technology was used to analyze the optimal effective components from WP for docking with TNF-α.
Results: Thirteen active ingredients and 71 target genes were screened from WP, and 49 of the target genes intersected with RA target inflammatory genes and were considered potential therapeutic targets. Network pharmacological analysis showed that the WP active ingredients such as mairin, DPHCD, (+)-catechin, beta-sitosterol, paeoniflorin, sitosterol, and kaempferol showed better correlation with RA inflammatory target genes such as PGR, PTGS1, PTGS2, NR3C2, TNFSF15, and CHRM2, respectively. The immune-inflammatory signaling pathways of the active ingredients for the treatment of RA are the TNF-α signaling pathway, Toll-like receptor signaling pathway, cell apoptosis, interleukin-17 signaling pathway, C-type lectin receptor signaling pathway, mitogen-associated protein kinase, etc. Molecular docking results suggested that mairin was the most appropriate natural TNFis.
Conclusion: Our findings provide an essential role and basis for further immune-inflammatory studies into the molecular mechanisms of WP and TNFis development in RA.
Keywords: immune inflammatory, rheumatoid arthritis, Paeonia lactiflora Pallas, network pharmacology, molecular docking, tumor necrosis factor-alpha inhibitor
INTRODUCTION
Rheumatoid arthritis (RA) is a severe inflammatory autoimmune disease that is associated with multiple joint disabilities, systemic complications, lower quality of life, and high mortality, and affects ∼1% of the population worldwide (Mcinnes and Schett, 2011; Chen et al., 2019). The main clinical features of RA are joints, such as the hands, wrists, and feet, showing redness, swelling, heat, and pain and body dysfunction, which may appear as erosive deformities in advanced-stage disease (Mikuls et al., 2016). Currently, steroidal anti-inflammatory drugs (glucocorticoids), nonsteroidal anti-inflammatory drugs, immunosuppressive drugs (chemical drugs and biological drugs), and Chinese natural medicines are applied to treat RA in the clinic (Bijlsma et al., 2015; Lampropoulos et al., 2015; Wei, 2016). However, the adverse effects of the medication, especially serious toxicity, such as the liver, kidney, gastrointestinal, respiratory, blood, cardiovascular, bone marrow, nerve, and malignant infection, can confuse RA patients (Zhang et al., 2014; Felson, 2016; Solomon et al., 2018). This is significant in terms of the development of natural products with therapeutic potential for clinical applications, which has attracted growing attention in recent years (Zhang and Wei, 2020).
Paeonia lactiflora Pallas is an herbaceous perennial flowering plant in the family Paeoniaceae with fleshy roots and annual stems (He and Dai, 2011). The dried root without bark of Paeonia lactiflora Pallas, namely, Radix Paeoniae Alba, has been used as a medicinal herb to treat pain, inflammation, and immune disorders for more than 1000 years in traditional Chinese medicine (TCM) (Zhang and Wei, 2020). The Chinese name for Radix Paeoniae Alba is white peony (WP), which possesses a variety of active constituents with anti-inflammatory, hepatic protective, analgesic, and immunoregulatory functions (He et al., 2010; Yan et al., 2018). A water/ethanol extract of WP is known as total glucosides of peony (TGP), which is reported to have a significant therapeutic effect on RA (Jia et al., 2014; Wang et al., 2015). In addition, TGP was approved by the National Medical Products Administration in 1998 as an anti-inflammatory and immunomodulatory drug and has been widely used in many hospitals in China (Min et al., 2005). Long-term clinical application has found that, except for gastrointestinal reactions, the use of TGP has no serious adverse reactions.
Tumor necrosis factor-alpha (TNF-α) is an inflammatory cytokine that mediates key roles in proliferation, differentiation, apoptosis, immune regulation, and inflammation induction (Wijbrandts et al., 2008). TNF-α dysfunction can cause many diseases, such as RA, psoriasis, and ankylosing spondylitis (Hyrich et al., 2007; Schulz et al., 2014). Due to the important role of TNF-α in the inflammatory process, the inhibition of its activity as a target for drug research has attracted growing attention in recent years. Drugs targeting TNF-α have been successfully used in the treatment of various inflammatory diseases, such as infliximab, etanercept, adalimumab, and golimumab (Jin et al., 2010; Inman et al., 2016). These TNF-α inhibitors (TNFis) have been approved by the Food and Drug Administration for the treatment of RA, Crohn’s disease, psoriasis, ankylosing spondylitis, etc. The annual global sales of TNFis have exceeded tens of billions of dollars, becoming one of the world’s best-selling drugs. However, RA patients receiving TNFis are more likely to discontinue therapy in the advanced years because of severe side effects and injection reactions (Alonso-Ruiz et al., 2008; Jin et al., 2010).
Our previous study found that in traditional Chinese medicine, WP and its main active ingredients have shown excellent anti-inflammatory effects, and its target of action is related to the inhibition of TNF-α. For example, the administration of TGP (25, 50, and 100 mg kg−1, ig 14 days) inhibits secondary inflammatory reactions and histological and synovial ultrastructural changes in collagen-induced arthritis (CIA) (CIA in rats is similar to human RA in both its clinical and histopathological features) and adjuvant arthritis (AA) in rats. In addition, the level of TNF-α produced by macrophage-like synoviocytes (MLSs) from CIA and AA rats was decreased by TGP administration (Zhu et al., 2005; Xu et al., 2007; Zhang et al., 2007). Furthermore, in an RA patient trial, TGP significantly inhibited fibroblast-like synoviocyte proliferation induced by TNF-α (Wu and Zeng, 2007). Based on WP and its main active ingredients having certain representativeness and wide application in anti-RA therapy, we used molecular docking technology to analyze the most suitable active ingredients of WP as natural TNFis for the development of new and effective TNFis, which is of great significance.
Network pharmacology is a meaningful approach to drug discovery (Jiang et al., 2019). In this study, the effective ingredients of WP were first screened. Then, we analyzed and summarized the targets of the active ingredients in the treatment of RA. Finally, these targets were used to research the active ingredient’s targets and target pathways by using network pharmacology, gene ontology (GO), and biological pathway (KEGG) functional enrichment. Based on the results summarized above, molecular docking technology was used to analyze the optimal effective components from WP that dock with TNF-α to explore the most appropriate compound for the development of new and effective TNFis. This research was carried out to provide a theoretical basis for the molecular mechanisms of WP against RA. The workflow is shown in Figure 1.
[image: Figure 1]FIGURE 1 | The workflow of TNF-α inhibitor prediction in RA.
MATERIALS AND METHODS
WP Active Ingredient Database Establishment
The ingredients of WP were searched and collected from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP, https://tcmspw.com/index.php), which includes a network of chemicals, targets, and associated drug targets, as well as the pharmacokinetic properties of natural compounds such as oral bioavailability (OB), drug-likeness (DL), intestinal epithelial permeability, blood–brain barrier penetrability, and water solubility. Based on the collection of ingredients described above, 13 active ingredients were obtained with OB ≥ 30% and DL ≥ 0.18 as the screening conditions (Ru et al., 2014). For the preparation of molecular docking, 13 active ingredient sdf files were downloaded from the PubChem database (http://pubchem.ncbi.nlm.nih.gov) and saved as mol2 files after energy minimization calculations by Chemdraw 3D Ultra software.
Clustering of WP- and RA-Related Target Genes
The WP-related target genes were clustered depending on chemical similarities and pharmacophore models via the TCMSP database. These WP-related target names were calibrated to the standardized name using the UniProt database (https://www.uniprot.org/; Szklarczyk et al., 2016).
RA-related target genes were collected from two databases, namely, GeneCard (https://www.genecards.org/) and OMIM (Online Mendelian Inheritance in Man, https://omim.org/search/advanced/geneMap) (Li et al., 2018). Potential target genes (i.e., overlapping target genes) of WP therapy for RA were acquired through the Veeny 2.1 (https://bioinfogp.cnb.csic.es/tools/venny/) intersection.
Protein–Protein Interaction (PPI) Network Map of the WP–RA-Potential Target Genes
A PPI network map was constructed for the co-expression, fusion, neighborhood, and co-localization of potential target genes with predicted gene interactions (Qin et al., 2020). The name of the potential target genes was entered via the STRING database (https://string-db.org/) with “Homo sapiens” being selected. Each node represents a protein in the PPI network map, and each edge represents a functional association between potential target genes. These results were imported into Cytoscape and used for network production and analysis.
Construction of the WP–RA-Potential Target Gene Network
A visual network was established through Cytoscape software (version 3.7.1) to reflect the complex relationship between WP and RA-potential target genes. Active ingredients and gene targets were obtained by Cytoscape analysis (Zuo et al., 2018). In the visual network, each node represents the compounds and target genes, while lines indicate the intermolecular interactions between compounds and target genes. The network topology parameters were analyzed to select the key compounds and target genes.
GO and KEGG Pathway Enrichment Analysis
First, potential target gene names were transformed into entrezID by the R package “org.Hs.eg.db, version = 3.8,” which helps to exclude errors caused by capitalization or abbreviations of the target name. Then, GO biological functions and the KEGG pathway enrichment analysis were visualized with the R packages “DOSE,” “clusterProfiler,” and “pathview,” for which the p-value was <0.05 for further analysis.
Binding Capacity Between Active Ingredients and Key Target Genes by Molecular Docking
Docking of active ingredients selected from the WP–RA-potential target gene network to the TNF-α receptor was explored using CB-Dock online molecular docking (http://cao.labshare.cn/cb-dock//) (Liu et al., 2020; Tao et al., 2020). PDF files for TNF-α (protein ID is 2az5) and the active ingredients (files prepared from “WP Active Ingredient Database Establishment” section) were uploaded to the CB-Dock website. After determining the docking pocket coordinates, molecular docking and conformational scoring were performed using CB-dock. The lower the vina scores are, the more stable is the ligand binding to the receptor, which was used for preliminary evaluation of the binding activity of the compound to the target.
RESULTS
WP Active Ingredient Database Establishment
A total of 85 WP ingredients were searched and collected from the TCMSP. Based on OB ≥ 30% and DL ≥ 0.18 as the screening conditions, 13 active ingredients were selected from the WP ingredients for database establishment (Table 1). These active ingredients included 11alpha,12alpha-epoxy-3beta-23-dihydroxy-30-norolean-20-en-28,12beta-olide, paeoniflorgenone, (3S,5R,8R,9R,10S,14S)-3,17-dihydroxy-4,4,8,10,14-pentamethyl-2,3,5,6,7,-9-hexahydro-1H-cyclopenta [a]phenanthrene-15,16-dione (DPHCD), lactiflorin, paeoniflorin, paeoniflorin_qt, albiflorin_qt, benzoyl paeoniflorin, mairin, beta-sitosterol, sitosterol, kaempferol, and (+)-catechin.
TABLE 1 | Characteristics of active ingredients in WP.
[image: Table 1]Potential Target Genes and the PPI Network Map of WP Therapy for RA
The GeneCard and OMIM databases were searched, yielding a total of 4,447 RA target genes, excluding duplicates. Similarly, 95 target genes were obtained from the TCMSP database for 13 active ingredients of WP (Supplementary Table S1). The removal of duplicates after verification yielded 71 target genes. RA target genes and WP target genes were intersected using Venny 2.1 software to obtain 49 potential targets (Figure 2A) (Table 2). Sequentially, the 49 target genes were imported into the STRING database to obtain the PPI network map (Figure 2B). The top 30 genes of the PPI network results were identified and listed by the R package “Venn Diagram” (Figure 2C). These genes include interleukin-6 (IL-6), RAC-alpha serine/threonine-protein kinase (AKT1), prostaglandin G/H synthase 2 (PTGS2), transcription factor AP-1 (JUN), caspase-3 (CASP3), and mitogen-activated protein kinase 8 (MAPK8).
[image: Figure 2]FIGURE 2 | Potential target genes and PPI network map of WP therapy for RA. (A) The Venny results of potential target genes of WP therapy for RA. (B) The PPI network map of 49 target genes. (C) Count and list of the top 30 genes of PPI network map.
TABLE 2 | 49 potential target genes of WP therapy for RA.
[image: Table 2]Construction and Analysis of the WP–RA-Potential Target Gene Network
We have to enter the results of Supplementary Table S1 and Table 2 into the Cytoscape software (version 3.7.1) to obtain a WP–RA-potential target gene network (Figure 3). A total of 58 nodes and 242 lines were obtained from the WP–RA-potential target gene network. Further analysis found that the top 12 targets, namely, progesterone receptor (PGR), PTGS1, PTGS2, mineralocorticoid receptor (NR3C2), TNFSF15, muscarinic acetylcholine receptor M2 (CHRM2), apoptosis regulator Bcl-2 (BCL2), apoptosis regulator BAX (BAX), JUN, CASP3, peroxisome proliferator–activated receptor gamma (PPARG), and hyaluronan synthase 2 (HAS2), have a higher degree in this process, which explains their significance in the network (degree >3) (Table 3).
[image: Figure 3]FIGURE 3 | The WP–RA-potential target gene network. The size of each node in the network represents the size of its degree value. The gray connecting lines indicate that each node is interconnected.
TABLE 3 | Top 12 high degree genes in the network.
[image: Table 3]GO and KEGG Pathway Enrichment Analysis
The entrezIDs of 49 target genes are shown in Table 2. A total of 79 genes’ biological functions were obtained from GO enrichment analysis (p < 0.05). The top 18 markedly enriched gene biological function catalogs were selected for the generation of scatterplots (Figure 4) and histograms (Supplementary Figure S1). The biological functions of these genes mainly include peptide binding, amide binding, heme binding, tetrapyrrole binding, and DNA-binding transcription activator activity. These results show that WP is involved in the treatment of RA through a variety of gene biological functions that contribute to the understanding of the anti-inflammatory and immune-modulatory mechanisms in RA.
[image: Figure 4]FIGURE 4 | The top 18 remarkably enriched GO analysis for biological function of potential target genes of WP in RA.
To gain a profound understanding of the mechanism of action of WP in the treatment of RA, a total of 50 signaling pathways were obtained from the KEGG pathway enrichment analysis (p < 0.05). Scatterplots (Figure 5) and histograms (Supplementary Figure S2) are shown by using the top 20 vital signaling pathways. As shown in Figure 5, many signaling pathways are closely associated with RA, such as the TNF-α signaling pathway, Toll-like receptor signaling pathway, cell apoptosis, IL-17 signaling pathway, C-type lectin receptor signaling pathway, and mitogen-associated protein kinase (MAPK) signaling pathway. Additionally, the vital TNF-α signaling pathway is shown in Figure 6.
[image: Figure 5]FIGURE 5 | The top 20 remarkably enriched KEGG analysis for the signaling pathway of potential target genes of WP in RA.
[image: Figure 6]FIGURE 6 | The TNF-α signaling pathway of potential target genes of WP in RA. Arrows indicate upstream and downstream relationships between genes. The red is a WP target gene in network.
Binding Capacity Between the Active Ingredients and TNF-α by Molecular Docking
Seven active components selected from the WP–RA-potential target gene network bind TNF-α to varying degrees (Table 4). Lower vina scores indicate a stronger and stable interaction between the compound and receptor. The vina scores of mairin, DPHCD, (+)-catechin, beta-sitosterol, paeoniflorin, sitosterol, and kaempferol increased sequentially, indicating that mairin had the strongest and most stable binding affinity toward TNF-α. These results suggest that mairin may be the most appropriate material basis for a natural TNFis. The 3D map of the binding of mairin, DPHCD, (+)-catechin, beta-sitosterol, paeoniflorin, sitosterol, and kaempferol to TNF-α is shown in Figure 7.
TABLE 4 | Molecular docking parameters and results of seven active ingredients in WP binding with TNF-α.
[image: Table 4][image: Figure 7]FIGURE 7 | The 3D map of the binding of mairin. (A) DPHCD, (B) (+)-catechin, (C) beta-sitosterol, (D) paeoniflorin, (E) sitosterol, (F) kaempferol, and (G) with TNF-α.
DISCUSSION
RA is a chronic autoimmune disease characterized by inflammatory changes in the synovial tissues, cartilage, and bones of the joints, ultimately leading to disability and death (Scherer et al., 2020). Currently, the incidence of RA is on the rise, which poses a serious threat to health and quality of life (Safiri et al., 2019; Myasoedova et al., 2020). The mechanism of RA is related to multiple factors such as inflammatory immune cells, noninflammatory immune cells, and cytokine/receptor signaling pathways (Wei, 2016). In the present study, 13 active ingredients of WP were found to play significant roles in the treatment of RA and to be associated with a variety of proteins and signaling pathways, suggesting that these active ingredients have a potential research value.
The 13 active ingredients extracted from WP have been widely investigated and confirmed, and have been shown to exert beneficial effects on inflammation and immunity. In an earlier study, Tan et al. (2010) obtained 15 active ingredients from WP by chromatography, including paeoniflorin, albiflorin, beta-sitosterol, and benzoyl paeoniflorin. Similar results were found in other studies (Ren et al., 2009; Fu et al., 2013; Zhu and Fang, 2014; Yan et al., 2020). Other research found that beta-sitosterol significantly inhibited cytokines such as inducible nitric oxide synthase (iNOS), TNF-α, IL-1β, IL-10, and clusters of differentiation 86 (CD86) in M1-polarized macrophages in a concentration-dependent manner in CIA rats (Liu et al., 2019). In addition, beta-sitosterol has a significant therapeutic effect on alleviating arthritic swelling and reducing the level of collagen-specific antibodies (immunoglobulin G (IgG) and IgG1). Furthermore, beta-sitosterol enhances anti-inflammatory activity via the suppression of nuclear factor kappa-B (NF-κB) and the activation of the heme oxygenase 1 (NO-1)/ nuclear factor E2-related factor 2 (Nrf2) signaling pathway when it is made into a solid lipid nanoformulation (Zhang et al., 2020). For other compounds studied, evidence showed that (+)-catechin normalizes the gene expression levels of inflammatory cytokines such as COX-2, TNF-α, IL-1β, IL-6, and NF-κB (Yimam et al., 2013; Fechtner et al., 2017). Similarly, numerous studies have confirmed the anti-inflammatory and immunomodulatory effects of paeoniflorin in a variety of animal models, and synovial and inflammatory cells from RA patients (Zhang et al., 2019; Zhang and Wei, 2020). Overall, seven active ingredient compounds have different degrees of therapeutic effects on RA, involving a variety of cytokines and signaling pathways.
As previously mentioned, TGP, an extract of WP, contains the main components of WP and has excellent anti-inflammatory and immunomodulatory effects on RA. Clinical trials have found that TGP is effective in the clinical treatment of RA patients, significantly improving clinical indicators such as arthralgia, joint swelling, the joint swelling index, joint induration, stiffness, and grip strength, and reducing the erythrocyte sedimentation rate, C-reactive protein, and rheumatoid factor (Wang et al., 2001; Min et al., 2005). Studies performed in RA animal models showed that TGP significantly reduced the swelling of the arthritic foot and paw in rats with AA and CIA, modulated abnormal immune function in AA and CIA rats, reduced serum anti–type II collagen antibodies in CIA, and inhibited the secretion of IL-1, TNF-α, and other inflammatory cytokines by abdominal macrophages. TGP was also shown to decrease serum IL-17 levels and regulate the balance of mesenteric T helper one lymphocytes (Th1) and Th2 cells in AA. It inhibits the proliferation of synovial cells and the production of cytokines such as IL-1, TNF-α, and prostaglandin E2 (Jia et al., 2014; Zhang and Wei, 2020). These findings suggest that multiple active ingredients in WP work together in a synergistic manner to treat RA.
As seen in the WP–RA-potential target gene network (Figure 3), many target genes can be regulated by multiple compounds in RA. These genes include but are not limited to PGR, PTGS1, NR3C2, TNFSF15, JUN, and CASP3. Conversely, IL-6, ADRB2, NOS2, catalase (CAT), and CYP3A4 were the only target genes for specific compounds in the network. These results suggest that WP therapy for RA has multicomponent, multi-targeted biological attributes. Additionally, the PPI results suggest that the 49 target proteins are not independent of each other, but are linked and interact (Zeng et al., 2019). These results also indicate that WP can be involved in the alleviation and the treatment of RA through the regulation of multiple proteins. As shown in Figure 2, IL-6, AKT1, PTGS2, and JUN were the vital target genes in the PPI network.
Analysis of GO and KEGG enrichment results for the 49 target genes suggested that 79 biological functions and 50 signaling pathways are directly involved in the occurrence and development of RA, suggesting that these gene biological functions and signaling pathways may be the mechanism by which WP can treat RA. The pathways with the best correlation are selected here for a discussion on the mechanism of the WP treatment for RA. TNF-α is not only a pro-inflammatory cytokine but also initiates various signaling pathways in the immune system in RA (Mateen et al., 2016). Inhibition of TNF-α expression and TNF-α antibody therapy can effectively reduce arthritis and synovitis symptoms in RA patients (Matsuno et al., 2002). Different doses of TGP and paeoniflorin reduced the expression and serum concentration levels of TNF-α, which was secreted by peritoneal macrophages and fibroblast-like synoviocytes (FLSs) in AA and CIA rats (Xu et al., 2007; Zhang et al., 2008b; Wang et al., 2015). The Toll-like receptor signaling pathway contributes to many autoimmune diseases such as RA (Thwaites et al., 2014). Toll-like receptors exert significant effects on immune responses and are involved in the proliferation, survival, and apoptosis of inflammatory cells (Kutikhin, 2011). It has been reported that endogenous activation of the Toll-like receptor signaling pathway can exacerbate synovial inflammation in RA patients (Monaco et al., 2011). The study of the Toll-like receptor signaling pathway helps to reveal the pathogenesis of RA and reduces abnormal inflammation, providing potential targets. Autophagy is an important homeostatic process by which cells breakdown their components. Recent studies have revealed the critical role of apoptotic and autophagic pathways in immunity and inflammation, which balance the beneficial and harmful effects of immunity and inflammation, and therefore prevent the development of RA (Levine et al., 2011; Nygaard et al., 2018). Kim et al. (2017) found that IL-17 induced mitochondrial dysfunction and autophagosome formation in RA FLSs, suggesting resistance to apoptosis by IL-17. In addition, IL-17–induced autophagy-related antiapoptotic effects are restored by inhibition of autophagy, suggesting a relationship between mitochondrial dysfunction and cell survival in RA FLSs. IL-17 and Th17 cells play an important role in the development of RA. Research from animal experimental models suggests a role for IL-17 in pannus growth, structural destruction of rheumatoid joints through NF-κB receptor activator-dependent osteoclast formation, and synovial damage (Pickens et al., 2010; Ito et al., 2011). The MAPK signaling pathway is widely studied for its involvement in regulating the expression of multiple genes associated with inflammation in RA (Li et al., 2017; Zou et al., 2019). The MAPK signaling pathway includes extracellular signal-regulated kinase (ERK), Jun N-terminal kinase (JNK), and p38, which are closely associated with T-cell activation, the proliferation of FLSs, the production of inflammatory cytokines, and the induction of joint damage (Schett et al., 2000; Pearson et al., 2001). It was found that WP and its active ingredients can inhibit the phosphorylation levels of ERK, JNK, and p38 in FLSs and synovial tissues of CIA and AA rats, which provides a potential mechanism for the anti-inflammatory and immunomodulatory effects of WP (Zheng and Wei, 2005; Zhang et al., 2008a).
In this research, it was found that mairin with better OB and DL properties was screened in WP, as it had the optimal molecular binding capacity to TNF-α.The results from a recent study demonstrated that mairin decreased the level of TNF-α in RA-FLSs (Wang and Zhao, 2018). Furthermore, mairin inhibits the activation of the protein kinase B/ NF-κB pathway in TNF-α–exposed RAFLSs, thereby alleviating RA-FLS proliferation, migration, and the inflammatory response. AA and CIA model experiments found that mairin inhibits paw swelling; arthritis index; joint pathology such as synovial tissue hyperplasia; cartilage destruction; vasospasm; inflammatory cytokines such as TNF-α, IL-1β, IL-6, IL-8, and IL-17A; and RA target proteins such as endothelial growth factor and transforming growth factor β (Mathew and Rajagoapl, 2017; Wang and Zhao, 2018; Huimin et al., 2019; Kun et al., 2020). These findings indicated that mairin has excellent therapeutic effects on RA and inhibits TNF-α. This could then validate our findings. However, the limitation of this study is that the interaction between the active ingredients was not considered. In addition, the absorption of compounds in humans is not limited to OB. Further studies need to be completed for experimental validation. Taking these findings into consideration provides a theoretical basis for further development of natural TNFis and the development of new anti-inflammatory immune drugs using WP as the base substance.
CONCLUSION
Taken together, WP has obvious advantages in the treatment of RA, which is consistent with previous studies. The biological functions and signaling pathways of the WP active ingredients on RA target genes were investigated by the network pharmacology approach. Meanwhile, mairin, with optimal molecular binding to TNF-α, was obtained by the molecular binding assay and can be researched as the most appropriate natural TNFis and as a lead compound for further structural modification and development. These findings will further reveal the molecular biological mechanism of WP in the treatment of RA and provide a theoretical basis for the clinical treatment of RA.
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Sepsis, an inflammatory syndrome secondary to infection, is the leading cause of in-hospital lethality. It is evidenced that LPS, the major pathological component of the Gram-negative bacteria membrane, predominantly contributes to the pathogenesis of sepsis. Cytoplasmic lipopolysaccharide (LPS) can be sensed by the noncanonical inflammasome and triggers the oligomerization of caspase-11, resulting in pyroptosis and lethal immune responses in sepsis. A previous study has shown that hepatocyte-released high mobility group box 1 (HMGB1) mediates caspase-11–dependent lethality in sepsis by delivering extracellular LPS into the cytosol. Here, we established a phenotypic screening system using recombinant HMGB1 plus LPS in mouse peritoneal macrophages, identifying a novel 8-hydroxyquinoline derivative named 7-[phenyl (pyridin-2-ylamino) methyl] quinolin-8-ol (8-ol, NSC84094) that can specifically inhibit HMGB1-mediated caspase-11 signaling. 8-ol targets directly to HMGB1 and changes the secondary conformation, consequently disrupting the interaction between LPS and HMGB1 and inhibiting the HMGB1-mediated delivery of LPS into the cytosol. Intervention of 8-ol significantly reduced the release of IL-1α and IL-1β and protected against caspase-11–mediated organ injury and lethality in endotoxemic mice. Thus, this study clearly suggests that the HMGB1–caspase-11 pathway is a potential drug target in lethal immune disorders and might open a new avenue in the treatment of sepsis.
Keywords: caspase-11, pyroptosis, inflammasome, phenotypic screening, sepsis, HMGB1
INTRODUCTION
Sepsis, caused by dysregulated host responses to infection, is a syndrome accompanied by life-threatening organ dysfunction (Singer et al., 2016). Thanks to the advance of life-supporting techniques, the mortality of sepsis has been decreasing in recent decades. Nevertheless, sepsis is still the leading cause of death in in-patient departments of hospitals (Rudd et al., 2020). Epidemiologically, it is reported that the prevalence of sepsis worldwide reached up to 48.9 million in 2017, among which 11.0 million patients died. Lipopolysaccharide (LPS), the major component of the Gram-negative bacteria outer membrane, results in dysregulated immune responses in sepsis (Angus and van der Poll, 2013). Removal of LPS is beneficial for patients with sepsis (Ronco et al., 2010). Thus, targeting LPS-triggered immune responses may be a promising strategy for treating sepsis.
Caspase-11 is a receptor of cytosolic LPS and triggers noncanonical inflammasome activation independent of TLR4, the extracellular receptor of LPS (Kayagaki et al., 2011; Kayagaki et al., 2013; Shi et al., 2014; Kayagaki et al., 2015). Intracellular LPS directly binds to caspase-11 (human orthologs caspase-4 or -5), which induces the oligomerization and activation (Shi et al., 2014). Activated caspase-11 cleaves GSDMD and releases pore-forming N-terminal GSDMD, triggering a programmed lytic cell death (pyroptosis) and interleukin 1 release (Shi et al., 2015; Liu et al., 2016; Evavold et al., 2018). In addition, activation of GSDMD mediates phosphatidylserine exposure, boosts the coagulation cascade, and promotes the process of disseminated intravascular coagulation (DIC), a complication mediating organ dysfunction or even death in sepsis (Levi & Ten Cate, 1999; Dhainaut et al., 2004; Zeerleder et al., 2005; Yang et al., 2019; Iba & Levy, 2020). A series of studies have shown that deficiency of caspase-11 and GSDMD protects against lethal endotoxemia (Kayagaki et al., 2011; Kayagaki et al., 2013; Shi et al., 2014; Kayagaki et al., 2015; Shi et al., 2015) and prevents DIC in sepsis (Yang et al., 2019). Our previous study found that hepatocyte-released HMGB1 delivers extracellular LPS into the cytosol of macrophages and mediates caspase-11–dependent pyroptosis in sepsis (Deng et al., 2018). Inhibition of HMGB1–LPS binding and neutralizing extracellular HMGB1 prevents caspase-11–dependent pyroptosis and death in endotoxemia (Deng et al., 2018).
In light of our previous study, we established a phenotypic screening strategy using recombinant HMGB1 plus LPS in mouse peritoneal macrophages. By screening large amounts of chemical compounds, we identified a novel 8-hydroxyquinoline derivative that specifically inhibited HMGB1-mediated caspase-11 signaling. Mechanistically, it suppresses the HMGB1–LPS interaction by changing the secondary conformation of HMGB1 and consequently inhibits the delivery of LPS. Treatment with the 8-hydroxyquinoline derivative protects mice against caspase-11–dependent lethality in endotoxemia and sepsis. Collectively, this study provides a novel drug-screening system and a new avenue for treating sepsis, which may facilitate the therapeutic strategy of sepsis.
MATERIALS AND METHODS
Reagents and Antibodies
Recombinant HMGB1 protein was kindly provided by Dr. Kevin J. Tracey.
Ultrapure LPS (E. coli 111:B4, tlrl-3pelps), nigericin (tlrl-nig), ATP (tlrl-atp), MSU crystals (tlrl-msu), nano-SiO2 (tlrl-sio), FLA-ST (flagellin from Salmonella typhimurium) (Cat No. tlrl-stfla), and poly (dA:dT) naked (Cat No. tlrl-patn) were purchased from InvivoGen. Lipofectamine 3000 Transfection Reagent (Cat No. L3000015) was obtained from Thermo Fisher (Waltham, MA, United States). Digitonin (D141) was obtained from Sigma.
Antibodies were as follows: caspase-11 (Novus Biologicals, NB120), GSDMD (Abcam, ab209845), IL-1α (Abcam, ab7632), caspase-1 (Abcam, ab179515), IL-1β (R&D System, AF-401-NA), human GSDMD (Abcam, ab210070), cleaved N-terminal GSDMD (ab215203), IL-1α (Abcam, ab206410), IL-1β (Abcam, ab216995), caspase-4 (MBL International, M029-3), LAMP1 (eBioscience, 14-1071-85), Na+/K+ ATPase (Novus Biologicals, NB300-146), Rab7 (Cell Signaling Technology, Inc., #9367S), E. coli LPS antibodies (Abcam, ab35654), and β-actin (Cell Signaling Technology, Inc., #3700s).
Animals
NLRP3−/− mice were kindly provided by Professor Rongbin Zhou. Casp11−/−, TLR4−/− mice were purchased from Jackson Laboratory. In the current study, we used WT littermates as the controls for the transgenic mice. The animals were housed in a specific pathogen-free environment at the Department of Laboratory Animals of Central South University. All experimental animal protocols were approved by the Institutional Animal Care and Use Committees of Central South University.
Endotoxemia Model
Mice aged 8–10 weeks were intraperitoneally pretreated with 4 mg/kg of the inhibitor 8-ol 30 min before being intraperitoneally injected with 20 mg/kg of LPS (E. coli O111:B4, Sigma). The mice were monitored 4 times daily for a total of 5 days or sacrificed at 16–24 h after LPS injection to collect serum or plasma and tissues.
CLP Bacterial Sepsis Model
A cecal ligation and puncture (CLP)–induced polymicrobial sepsis model was utilized as previously described (Deng et al., 2018). Briefly, the mice were anesthetized by intraperitoneal injection with 2.5% tribromoethanol (Sigma). The skin was disinfected with a 2% iodine tincture, and a midline laparotomy was performed. The cecum was 75% ligated and punctured once with an 18-gauge needle. The mice received a subcutaneous injection of warm sterile saline (1 ml) immediately after surgery for fluid resuscitation. 8-ol (4 mg/kg) was administered 1h after CLP. The mice were monitored 4 times daily for 7 consecutive days or euthanized at 18–20 h after CLP to collect serum or lung tissue.
Macrophage Cell Cultures and Stimulations
Mouse peritoneal macrophages were harvested as previously described (Deng et al., 2018). Mice aged 8–12 weeks were injected intraperitoneally with 3 ml sterile 3% thioglycollate broth, and macrophages were collected by peritoneal lavage 72 h later. Cells were resuspended in RPMI-1640 containing 10% fetal bovine serum (Gibco) and 1% antibiotics (Gibco) and plated in 12-well or 6-well plates overnight. Before stimulation, the cells were washed 3 times with sterile PBS and changed with FBS-free RPMI-1640. The cells were pretreated with 8-ol as indicated dose 1 h before being stimulated with LPS + HMGB1 complex. For some experiments, macrophages were primed with LPS (100 ng/ml) for 3 h and then pretreated with 8-ol (2.5 μM, 5 μM, and 10 μM) 1 h before the following indicated stimulations: ATP (5 mM) or nigericin (10 μM) was transfected into macrophages by Lipofectamine 3000 for 1 h, SiO2 (20 μg/ml) or MSU (400 μg/ml) was transfected into macrophages by Lipofectamine 3000 for 6 h, Flagellin (2 μg/ml) was transfected into macrophages by Lipofectamine 3000 for 1 h, and poly (dA:dT) (1 μg/ml) was transfected into macrophages by Lipofectamine 3000 for 16–18 h. Cell lysates and supernatants were collected for Western blots, ELISA, and LDH release. For the PI uptake assay, 5 μM PI was added at the indicated time after LPS+HMGB1 complex stimulation and measured using fluorescence at an excitation wavelength of 530 nm.
RNAi Knockdown
For CASP4 siRNA knockdown, THP1 was primed with PMA (100 ng/ml) and seeded in 12-well plates. siRNA transfection was performed using the Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific, #13778150) by following the manufacturer’s instructions. The siRNA sequences are TCT​ACA​CTA​TAG​TCC​AGA​CCC (CASP4-1), GTC​TGG​ACT​ATA​GTG​TAG​ATG (CASP4-2), and CGT​ACG​CGG​AAT​ACT​TCG​A (control), which were described previously (Shi et al., 2014).72 h after transfection, the cells were stimulated with LPS alone or LPS+HMGB1 complex with or without indicated doses of 8-ol.
Isolation of Cytosol Fraction and LPS Activity Assay
Subcellular fractionation of mouse peritoneal macrophages was conducted by using a digitonin-based fractionation method as described previously, with modifications (Vanaja et al., 2016). 4 × 106 cells were stimulated with LPS (1 μg/ml) alone or LPS (1 μg/ml) + HMGB1 (400 ng/ml) in the presence or absence of 8-ol (2 μM) for 2 h. Then the cells were washed 3 times with sterile cold PBS and, subsequently, treated with 300 ul of 0.005% digitonin extraction buffer on ice for 10–15 min. After centrifugation at 13000 rpm at 4°C for 15 min, the supernatant was collected as the cytosol. The residual cell fraction was collected in 300 µl of 0.1% CHAPS buffer. Western blots for LAMP1, Na+/K+ ATPase, Rab7, and β-actin were performed to confirm the purity of the cytosol fraction.
Proximity-Ligation Assay
The interaction between LPS and caspase-11 was analyzed using a proximity-ligation assay kit (Sigma 92008). Cells were cultured in a six-well glass dish in RPMI-1640, primed with LPS (100 ng/ml) for 4 h, and stimulated with LPS (5 μg/ml) alone or LPS (5 μg/ml) + HMGB1 (10 μg/ml) in the presence or absence of 8-ol (2 μM) for 2 h. Then the cells were washed with PBS 3 times, fixed with 4% formaldehyde for 15 min, and permeabilized with 0.1% Triton for 10 min. After washing and blocking with assay buffer for 1 h at room temperature, the primary antibody pair of different species directed to LPS (mouse monoclonal 2D7/1) and caspase-11 (rat monoclonal 17D9) was added and incubated at 4°C overnight. Then the proximity-ligation assay was carried out according to the manufacturer’s instructions. Images were taken using a Nikon Ni-U microscope and quantified using Image-J software.
Mouse HMGB1 Homologous Modeling and Docking Calculation
The mouse HMGB1 model was prepared using the ModWeb server, which uses the MODELLER program in homology modeling. The box-A (PDB:4QR9) domain and the box-B (PDB:1HMF) domain from the crystal structure of mouse HMGB1 were used as the template structure to match the full length of HMGB1. Small-molecule (8-ol) docking was done using AutoDock with AutoDockTools. The model was defined as rigid, while the ligand was flexible. The docking energy between the small inhibitor 8-ol and HMGB1 is −7.99 kal/mol.
Circular Dichroism (CD) Analysis
Circular dichroism spectra of different samples were obtained by using Jasco-815. Approximately 200 μL of the sample was detected by using a 1-mm quartz cell. The bandwidth was set to 2 nm, with a scanning speed of 200 nm min−1. All scans were taken from 190 to 260 nm, and all spectra were an average of 5 scans. Spectra measurement software was used to analyze the original data.
Western Blots
Proteins in macrophage culture supernatants were precipitated with methanol/chloroform (4:1). Protein concentrations of cell and tissue lysates were measured by using the BCA method. All the samples were separated using 12% SDS-PAGE and subsequently transferred onto PVDF membranes (Millipore). All of the antibodies were used at 1:1000 dilution, except anti–caspase-11 Ab (1:500). Blots were normalized to β-actin expression.
ELISA and LDH Assay
Cell culture supernatant samples were analyzed using an eBioscience Ready-SET-Go ELISA kit: IL-1α (#88-5019-77), IL-1β (#88-7013-77), TNF-α (#88-7324-77), IL-6 (#88-7064-77), human IL-1α ELISA MAX™ Deluxe (Biolegend, #445804), and human IL-1β ELISA MAX™ Deluxe (Biolegend, #437004). Cell death was measured by using an LDH Cytotoxicity Assay kit (Beyotime Biotechnology, C0017).
Statistical Analysis
All data were analyzed using GraphPad Prism software (version 7.01) (GraphPad Software, Inc., La Jolla, CA, United States). Data were analyzed by using Student’s t-test, which was used for comparison between two groups, or one-way ANOVA followed by post hoc Bonferroni test, for multiple comparisons. Survival data were analyzed using the log-rank test. A p-value < 0.05 was considered statistically significant for all experiments. All values are presented as mean ± SD.
RESULTS
A Phenotypic Screening Approach Identified 8-Hydroxyquinoline–Based Small Molecule as a Bioactive Inhibitor of the HMGB1–Caspase-11 Pathway
A prior study has demonstrated that recombinant HMGB1 mediated cytosolic translocation of LPS and induced caspase-11–dependent immune responses in sepsis and has uncovered that HMGB1 could be a potential pharmacological target for treating sepsis (Deng et al., 2018). In light of these findings, we established a novel screening system in which mouse peritoneal macrophages were incubated with recombinant HMGB1 plus LPS to identify bioactive compounds which could selectively inhibit the HMGB1–caspase-11 pathway (Figures 1A,B). By screening 102 compounds, we found 7-[phenyl (pyridin-2-ylamino)methyl]quinolin-8-ol (8-ol) (Figure 1C), a novel 8-hydroxyquinoline–based small molecule that significantly inhibits caspase-11–dependent pyroptotic cell death (Figures 1D,E) and caspase-11–dependent release of IL-1α and IL-1β in a concentration-dependent manner (Figure 1F). However, addition of 8-ol does not affect the release of TNF and IL-6 (Figure 1G), suggesting that 8-ol does not attenuate the global inflammatory response. Western blot analysis revealed that 8-ol obviously attenuates the activation of IL-1α, IL-1β, and caspase-11 in the supernatant of WT mouse peritoneal macrophages and significantly abolishes the cleavage of GSDMD, the specific substrate of caspase-11 (Shi et al., 2015) in the cell lysates, but fails to inhibit the expression of caspase-11, IL-1α, IL-1β, and GSDMD in the cell lysates (Figure 1H). TLR4 signaling is required for the expression of caspase-11, and genetic deletion of TLR4 almost blocked the expression of caspase-11; however, 8-ol treatment did not impact the expression of caspase-11 in LPS-treated macrophages and endotoxemia mice (Supplementary Figure S1), which indicated that 8-ol has no effect on TLR4 signaling and specifically inhibits the HMGB1-mediated caspase-11–dependent pathway.
[image: Figure 1]FIGURE 1 | Phenotypic screening system identified that 8-ol specifically inhibits HMGB1-mediated caspase-11 signaling in vitro. (A) Schematics of the screening steps from compound library in mouse macrophage stimulated with recombinant HMGB1 plus LPS. (B) Heat map of LDH release changes in macrophages exposed to both recombinant HMGB1 (400 ng/ml) and LPS (1 μg/ml) for 16 h with 102 bioactive compounds (10 μM). (C) Chemical structure of 7-[phenyl (pyridin-2-ylamino) methyl] quinolin-8-ol. (D) PI uptake in a time-dependent manner in mouse macrophage stimulated with recombinant HMGB1 (400 ng/ml) and LPS (1 μg/ml) in the absence or presence of 8-ol (2 μM). (E–G) LDH and cytokine (IL-1α, IL-1β, TNFα, and IL-6) release from WT or Casp11−/− peritoneal macrophages stimulated with HMGB1 (400 ng/ml) plus LPS (1 μg/ml) for 16 h in the absence or presence of 8-ol of indicated dose. (H) Western blots for IL-1α, IL-1β, and caspase-11 in the supernatant or the cleavage of GSDMD and the expression of IL-1α, IL-1β, and caspase-11 in the cell lysates of WT or Casp11−/− peritoneal macrophages stimulated with HMGB1 (400 ng/ml) plus LPS(1 μg/ml) in the absence or presence of 8-ol for 16 h. Graphs show the mean ± SD of technical replicates and are representative of at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, NS: not significant.
8-ol Does Not Inhibit Canonical Inflammasome Activation
Caspase-11 is a receptor of cytosolic LPS and triggers noncanonical inflammasome activation (Kayagaki et al., 2011; Kayagaki et al., 2013; Shi et al., 2014; Kayagaki et al., 2015). Since 8-ol could specifically inhibit caspase-11–dependent pyroptotic cell death, next, we examined whether 8-ol influences other inflammasomes’ activation including NLRP3, AIM2, and NLRC4 signaling. Mouse peritoneal macrophages were primed with LPS, and NLRP3 stimulations including ATP, nigericin, silicon crystals (SiO2), and monosodium urate (MSU) crystals were added. 8-ol does not inhibit the release of IL-1β or the cleavage of caspase-1 and IL-1β in the supernatant from mouse primary macrophages even at the highest dose of 10 μM (Figures 2A,B; Supplementary Figure S2). Similar observations were made in the AIM2-dependent inflammasome activation induced by poly (dA:dT) double-stranded DNA and the NLRC4-dependent inflammasome activation engaged by flagellin (Figures 2C,D,E; Supplementary Figure S2).Taken together, 8-ol is a specific inhibitor of the HMGB1–caspase-11–GSDMD pathway.
[image: Figure 2]FIGURE 2 | 8-ol does not affect the activation of NLRP3, AIM2, and NLRC4 inflammasomes. (A–B) ELISA for IL-1β and Western blots for the cleavage of IL-1β and caspase-1 or the expression of IL-1β and caspase-1 from WT or nlrp3−/− LPS-primed (100 ng/ml) peritoneal macrophages stimulated with ATP, nigericin (Nig), monosodium urate crystals (MSU), and silicon crystals (SiO2) in the presence or absence of 8-ol (2.5 μM). (C–E) ELISA for IL-1β and Western blots for the cleavage of IL-1β and caspase-1 in the supernatant or the expression of IL-1β and caspase-1 in the cell lysates from Pam3CSK4 (1 μg/ml) or LPS (0.1 μg/ml)-primed peritoneal macrophages which are then transfected with 1 μg/ml poly (dA:dT) or 2 μg/ml flagellin by Lipofectamine 3000 in the presence or absence of 8-ol. Graphs show the mean ± SD of technical replicates and are representative of at least three independent experiments.
8-ol Inhibits HMGB1–Caspase-4–Dependent Pyroptosis in Human Monocytic THP-1 Cells
Humans do not possess caspase-11. One of the enzymes most homologous to caspase-11 is caspase-4 (Kayagaki et al., 2011). Next, we examined whether 8-ol could inhibit HMGB1–caspase-4–dependent immune response in human cells. Consistent with our previous findings (Shi et al., 2014), small interference RNA (siRNA) knockdown of caspase-4 strongly inhibits HMGB1-induced LDH, IL-1α, and IL-1β release in combination with LPS from THP1 cells, and 8-ol does not affect the release of TNF (Figure 3A–D). Western blots show that 8-ol obviously suppresses the activation of IL-1α and IL-1β in the supernatant and the cleavage of GSDMD in the cell lysates, but it did not affect the expression of IL-1α, IL-1β, caspase-4, and GSDMD (Figure 3E).
[image: Figure 3]FIGURE 3 | 8-ol inhibits HMGB1-mediated caspase-4–dependent pyroptosis in human monocytes. (A–D) LDH and cytokine (IL-1α, IL-1β, and TNFα) release from PMA-primed human monocytic THP-1 cells transfected with scrambled siRNA or CASP4-specific siRNA upon HMGB1 (400 ng/ml) and LPS (1 μg/ml) stimulation in the presence or absence of 8-ol. (E) Western blots for IL-1α and IL-1β in the supernatant or the cleavage of GSDMD and the expression of caspase-4, IL-1α, and IL-1β in the cell lysates stimulated with or without the indicated dose of 8-ol. Graphs show the mean ± SD of technical replicates and are representative of at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, NS: not significant.
8-ol Inhibits HMGB1-Mediated Cytosolic Delivery of LPS
Cytoplasmic LPS triggers caspase-11 activation and induces pyroptosis (Shi et al., 2014). Our previous study showed that HMGB1 could deliver LPS into the cytosol for caspase-11 activation (Shi et al., 2014). Next, we investigated whether 8-ol can inhibit the process. The LPS level is measured by a digitonin-based cytosolic fraction assay. The results show that addition of 8-ol significantly reduces the cytosolic translocation of LPS in mouse macrophages treated with recombinant HMGB1 plus LPS (Figure 4B).To confirm the phenomenon, the proximity-ligation assay (PLA) was used to measure the combination of LPS and caspase-11 stimulated with LPS alone or LPS plus HMGB1 with or without 8-ol. The results show markedly fewer bindings of LPS with caspase-11 when cells were treated with 8-ol (Figure 4C). However, when we artificially delivered LPS directly to the cytosol of mouse macrophages by electroporation, the addition of 8-ol failed to inhibit caspase-11–dependent release of LDH, IL-1α, and IL-1β (Figure 4A). Taken together, 8-ol prevents caspase-11 activation by inhibiting HMGB1-mediated cytosolic delivery of LPS.
[image: Figure 4]FIGURE 4 | 8-ol prevents HMGB1-mediated cytoplasmic translocation of LPS. (A) LDH, IL-1α, and IL-1β release from mouse peritoneal macrophages upon LPS stimulation with or without 8-ol electroporation. (B) Western blots for Na+/K+ ATPase, LAMP1, Rab7, and β-actin, LAL assay for LPS (EU, endotoxin units) in the cytoplasmic and residual fractions of mouse peritoneal macrophages treated with LPS alone (1 μg/ml) or LPS (1 μg/ml)+HMGB1 (400 ng/ml) with or without 8-ol for 2 h. (C) Physical interaction between LPS and caspase-11 was visualized as red spots using the proximity-ligation assay (PLA). Mouse peritoneal macrophages were primed with LPS (100 ng/ml) for 4 h and then stimulated with LPS (1 μg/ml) or LPS (1 μg/ml) + HMGB1 (400 ng/ml) with or without 8-ol for 2 h. Graphs show the mean ± SD of technical replicates and are representative of at least three independent experiments. *p < 0.05; **p < 0.01; ***p < 0.001, NS: not significant.
8-ol Suppresses HMGB1–LPS Binding by Directly Targeting HMGB1 to Change the Secondary Conformation
Next, we examined the mechanisms by which 8-ol inhibits HMGB1-mediated cytosolic translocation of LPS. Molecular interactions of 8-ol and its receptor HMGB1 were calculated by using AutoDock4. Analysis shows that 8-ol binds to HMGB1 with −7.99 kal/mol binding energy (Figures 5A,B). The interaction residues of HMGB1 with 8-ol, including PHE18, CYS44, ARG47, LYS43, PHE40, GLU39, ASN36, CYS22, GLU25, HIS26, and HIS30 (Figures 5A,B), suggest that there is a high affinity binding of 8-ol with HMGB1. HMGB1–LPS binding is essential for the cytosolic delivery of LPS. We hypothesized that 8-ol could disrupt the interaction between LPS and HMGB1. We employed circular dichroism (CD) spectra to investigate whether 8-ol has a direct impact on HMGB1. The results showed that the emission wavelength of HMGB1 was significantly changed, and the 8-ol–induced changing of the typical alpha-helix leads to the momentous structural alterations of the HMGB1 protein (Figure 5C). However, 8-ol does not change the secondary conformation of another well-known LPS binding protein, LPB (Supplementary Figure S4), indicating that 8-ol could specifically interact with HMGB1 and disrupt the interaction between LPS and HMGB1. Furthermore, we studied a competitive enzyme-linked immunosorbent assay to confirm that 8-ol could inhibit HMGB1–LPS interaction in a dose-dependent manner (Figure 5D). Taken together, 8-ol could directly target HMGB1 and change the secondary structure of HMGB1 to inhibit the interaction between LPS and HMGB1.
[image: Figure 5]FIGURE 5 | 8-ol targets HMGB1 and changes the secondary conformation and disturbs the binding with LPS. (A) 3D binding mode diagrams between HMGB1 and the chemical 7-PMQ-8-ol. The protein is shown in the cartoon and colored in gray, and the chemical is colored in green. The key amino acid residues were shown as sticks. Docking score is −7.99 kcal/mol. (B) 2D binding mode illustrates the key amino acid residues in the ligand–protein complexes. (C) CD spectra of the chemical 8-ol between HMGB1. (D) The LPS-binding capacity of HMGB1 incubated with different concentrations of the chemical 8-ol.
8-ol Protects Mice Against Caspase-11–Mediated Lethality in Endotoxemia and Bacterial Sepsis
Caspase-11 is crucial for organisms to defend themselves against LPS-induced lethality in endotoxemia or bacterial sepsis. Next, we investigated whether 8-ol exhibits a caspase-11–dependent protectiveness in vivo. WT and caspase-11–deficient mice were subjected to lethal injection of LPS with or without 8-ol treatment. Caspase-11–dependent release of IL-1α and IL-1β was significantly reduced by 8-ol treatment. Administration of 8-ol does not alter the release of TNF and IL-6 (Figures 6A–D), in accordance with our in vitro experiments. To further investigate whether 8-ol could inhibit caspase-11 signaling in vivo, we detected the cleavage of GSDMD, the enzyme substrates of activated caspase-11 in lung and intestine tissues. Treatment with 8-ol significantly inhibits the cleavage of GSDMD in endotoxemia mice (Figures 6G,H). Furthermore, administration of 8-ol markedly attenuated caspase-11–dependent lung and intestine injury (Figures 6G,H) and significantly promoted survival in the lethal endotoxemia and CLP sepsis model (Figures 6I,J). Recent research in our group showed a novel link between caspase-11 signaling and the consequent coagulation and lethality during endotoxemia and bacterial sepsis ((Kayagaki et al., 2011; Kayagaki et al., 2013; Shi et al., 2014; Kayagaki et al., 2015). Thrombin–antithrombin (TAT) complexes and plasminogen activator inhibitor type-1 (PAI-1) increased in circulation during endotoxemia. In line with this finding, TAT complex and PAI-1 increased remarkably in WT mice compared with Casp11−/− mice challenged by a high dose of LPS. Treatment with 4 mg/kg 8-ol markedly reduced the secretion of TAT and PAI-1 in the plasma of WT mice (Figures 6E,F), which indicated that 8-ol could prevent caspase-11–dependent DIC in endotoxemia. To further confirm that 8-ol inhibits caspase-11 activation in vivo, we used the cecum ligation and puncture (CLP) model, a clinically relevant murine model of Gram-negative polymicrobial sepsis, and observed that 8-ol treatment markedly inhibited caspase-11–dependent release of IL-1α and IL-1β. Furthermore, administration of 8-ol prevented caspase-11–mediated GSDMD cleavage in the lung tissues and markedly attenuated caspase-11–dependent lung injury after CLP (Supplementary Figure S3). In summary, these data suggest that 8-ol might be of use in the treatment of LPS-induced endotoxemia and CLP-induced Gram-negative polymicrobial sepsis.
[image: Figure 6]FIGURE 6 | 8-ol inhibits caspase-11–mediated immune responses in vivo. (A–D) IL-1α, IL-1β, TNFα, and IL-6 release in the serum was measured by ELISA. WT or Casp11−/− mice were pretreated with 8-ol (4 mg/kg) by intraperitoneal injection 30 min before being intraperitoneally challenged with LPS (20 mg/kg). (E,F) Plasma concentrations of TAT complexes and PAI-1 were measured at 16 h in mice injected with LPS (20 mg/kg) with or without 4 mg/kg 8-ol administration. (G,H) H&E staining shows representative images of lung and intestine tissues of endotoxemic WT or Casp11−/− mice (left panel). Scar bar: 50 μm. Western blots for the cleavage of GSDMD and the expression of caspase-11 in the lung and intestine. WT or Casp11−/− mice were pretreated with 8-ol (4 mg/kg) by intraperitoneal injection 30 min before being intraperitoneally challenged with LPS (20 mg/kg). “*”: GSDMD cleavage. (I,J) WT or Casp11−/− mice were pretreated with 8-ol (4 mg/kg) 30 min before being intraperitoneally challenged with LPS (20 mg/kg) or subjected to cecum ligation and puncture (CLP) 1 h after 8-ol (4 mg/kg) treatment. Survival rates were shown by Kaplan–Meier survival curves. Circles represent individual mice. *p < 0.05; **p < 0.01; ***p < 0.001; NS: not significant (Student’s t test and log-rank test for survival).
DISCUSSION
Sepsis, caused by severe infection, is commonly accompanied by organ dysfunction or death. Currently, anti-infection and life-supporting techniques have been the most common strategy for treating sepsis in recent decades. However, sepsis is still a leading cause of in-hospital mortality (Cecconi et al., 2018). Although understanding of the pathophysiology of sepsis is largely developed in the new century (Rice and Bernard, 2005), a specific medicine is not available in clinics. Thus, the development of targeted therapies is urgent in the treatment of sepsis. In this study, we establish a novel screening strategy using recombinant HMGB1 and LPS from mouse peritoneal macrophages and identify that 8-ol specifically inhibits HMGB1-mediated caspase-11 signaling. Treatment with 8-ol robustly prevents caspase-11–dependent DIC and lethality in endotoxemia or sepsis.
The majority of sepsis cases are attributed to Gram-negative bacteria, in which lipopolysaccharide (LPS) is the main pathological component of the membrane. Clinical studies have revealed that increased concentration of LPS in severe sepsis is associated with higher mortality, and removal of LPS from the circulation improves the outcome of Gram-negative sepsis (Brandtzaeg et al., 1989; Opal et al., 1999; Marshall et al., 2004; Davies and Cohen, 2011). As the intracellular LPS receptor, caspase-11 is a key component of the innate immune response to Gram-negative bacterial infection. Previous studies have shown that caspase-11 signaling activation mediates disseminated intravascular coagulation (DIC), broad organ injury and dysfunction, and lethality in bacterial sepsis. Collectively, inhibiting caspase-11 signaling should be a promising strategy in the treatment of sepsis. Our previous study bridged HMGB1 and LPS internalization, which answers the question of how LPS transfers into the cytosol in caspase-11 activation. Thus, using HMGB1 plus LPS for screening the effective and specific inhibitor of caspase-11 signaling would be promising in the development of medicine for treating sepsis.
High mobility group box 1 (HMGB1) is a highly conserved nuclear protein which is widely distributed in mammalian cells. Its multiple functions include DNA stabilization and repairing, coagulation and fibrinolysis system regulation, and more. With the discovery of its late pro-inflammatory effect, HMGB1 has become one of the hot spots of critical care medicine research in recent years (Goodwin and Johns, 1973). However, it would be harmful when released into the cytosol or extracellular circulation in pathological conditions, such as endotoxemia or sepsis (Wang et al., 1999; Wang et al., 2004; Lamkanfi et al., 2010; Lu et al., 2012). Previously, we found that type I interferon mediates hepatocytes to release HMGB1 which facilitates LPS internalization for caspase-11 activation and consequent coagulation cascades (Yang et al., 2020). It has been evidenced that circulating levels of HMGB1 are boosted in patients with sepsis (Antoine et al., 2020), and septic patients with a higher level of HMGB1 are more susceptible to DIC and organ dysfunction. Moreover, genetic deletion of HMGB1 or neutralizing circulating HMGB1 confers protection in lethal endotoxemia and bacterial sepsis (Wang et al., 1999; Wang et al., 2004; Lamkanfi et al., 2010; Andersson and Tracey, 2011).
In the present study, 8-ol significantly inhibits HMGB1/LPS–mediated caspase-11 signaling by suppressing the cytosolic transfer of LPS. Given the critical role of HMGB1/LPS binding in LPS internalization, we employed circular dichroism (CD) spectra to investigate whether 8-ol inhibits the binding of HMGB1 and LPS by affecting the construction of HMGB1. The presence of 8-ol significantly changes the secondary conformation of HMGB1 and competitively inhibits the binding of LPS and HMGB1. Thus, targeting the HMGB1 conformation that attenuates the binding with LPS would be a potential approach in the treatment of sepsis.
As a derivative of 8-HQ that is an attractive scaffold for designing BoNT/A (botulinum neurotoxin A light chain) inhibitors (Caglič et al., 2014), 8-ol plays a novel and surprising role in the treatment of sepsis. Some kind of 8-HQ derivatives have been clinically approved for the medicinal purposes, such as clioquinol, an antiseptic for an oral intestinal amebicide. (Caglič et al., 2014; Bareggi and Cornelli, 2012). Because of the good in vivo properties and long drug half-life of clioquinol, it has been successfully used to improve the diseased state of Alzheimer’s patients in a pilot phase 2 clinical trial (Ritchie et al., 2003). Consequently, the safety and drug ability of 8-ol would be proposed, although further validation should be conducted. In addition, it remains to be investigated whether other derivatives of 8-HQ have similar effects on the inhibition of HMGB1/LPS-mediated caspase-11 signaling and the corresponding organ dysfunction and death in sepsis. Thus, our study constitutes a profound screening system that develops an effective chemical for preventing sepsis, which may provide a novel target and new medicine in the treatment of sepsis.
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The liver accounts for the largest proportion of macrophages in all solid organs of the human body. Liver macrophages are mainly composed of cytolytic cells inherent in the liver and mononuclear macrophages recruited from the blood. Monocytes recruitment occurs mainly in the context of liver injury and inflammation and can be recruited into the liver and achieve a KC-like phenotype. During the immune response of the liver, macrophages/KC cells release inflammatory cytokines and infiltrate into the liver, which are considered to be the common mechanism of various liver diseases in the early stage. Meanwhile, macrophages/KC cells form an interaction network with other liver cells, which can affect the occurrence and progression of liver diseases. From the perspective of liver disease treatment, knowing the full spectrum of macrophage activation, the underlying molecular mechanisms, and their implication in either promoting liver disease progression or repairing injured liver tissue is highly relevant from a therapeutic point of view. Kv1.3 is a subtype of the voltage-dependent potassium channel, whose function is closely related to the regulation of immune cell function. At present, there are few studies on the relationship between Kv1.3 and liver diseases, and the application of its blockers as a potential treatment for liver diseases has not been reported. This manuscript reviewed the physiological characteristics of Kv1.3, the relationship between Kv1.3 and cell proliferation and apoptosis, and the role of Kv1.3 in a variety of liver diseases, so as to provide new ideas and strategies for the prevention and treatment of liver diseases. In short, by understanding the role of Kv1.3 in regulating the functions of immune cells such as macrophages, selective blockers of Kv1.3 or compounds with similar functions can be applied to alleviate the progression of liver diseases and provide new ideas for the prevention and treatment of liver diseases.
Keywords: liver diseases, Kv1.3, margatoxin, macrophages, Kupffer cells
INTRODUCTION
Liver diseases, including hepatitis B virus (HBV) and hepatitis C virus (HCV) infection, alcoholic liver disease (ALD), non-alcoholic fatty liver disease (NAFLD) and related cirrhosis, liver failure (LF), and hepatocellular carcinoma (HCC), are the main causes of disease and death in the world. In China, viral hepatitis, non-alcoholic fatty liver disease (NAFLD), and alcoholic liver disease (ALD) affect about 300 million people, 130 million of whom are affected by ALD and NAFLD, accounting for half of the population with ALD and NAFLD in the world. Since 1992, the number of new cases of HBV infection has dropped dramatically as a result of expanded immunization, while the number of patients with alcoholic and non-alcoholic fatty liver disease, which causes fibrosis and eventually cirrhosis and even liver cancer, is increasing at an alarming rate. Based on the latest GLOBOCAN data, liver cancer is the second most common cancer in China, it killed 391,152 people in 2020, accounting for 47% of the global total death by liver cancer (World Health Organization, 2020). Here, we summarized the physiological characteristics of Kv1.3, the relationship between Kv1.3 and cell proliferation and apoptosis, and the role of Kv1.3 in several liver diseases, so as to provide new ideas and strategies for the prevention and treatment of liver diseases.
PHYSIOLOGICAL FUNCTION AND BIOLOGICAL CHARACTERISTICS OF KV1.3
The voltage-dependent potassium ion channel (Kv) belongs to a large and very diverse family, consisting of multiple subfamilies (Kv1-4). Kv plays an important role in the physiological and pathophysiological processes of excitatory and non-excitatory cells, is involved in regulating Ca2+ signal, cell volume, secreted cytokines, cell proliferation, and migration (Serrano-Novillo et al., 2019; Wulff et al., 2009). Kv1.1-1.7 have been studied extensively, Kv1.3 belongs to the subtype of voltage-gated potassium channels, the protein is made up of 575 amino acids. It has six transmembrane segments (S1-S6), including a voltage sensor (S1-S4), which is a detector of the membrane voltage change, a pore‐forming domain (S5-S6), which is highly selective for‐potassium flowing (Pérez-Verdaguer et al., 2016), when membrane potential changes, the positive charges in the S4 domain will translocate and lead to conformational change, resulting in opening or closing of the pore (Hendrickx et al., 2020). The K+ channel predominantly regulates membrane potential, efflux of K+ of ions through the pore can evoke Ca2+ influx and regulate the function of many enzymes and transcription factors, which induces a cascade of pharmacological reactions (Abe et al., 2019). Kv1.3 is a crucial regulatory protein in the immune response, which was initially discovered in T lymphocytes. It is an initiating factor in the regulation of T cell activity and differentiation, and its function is closely related to immune regulation (Feske et al., 2015; Jaimes-Hoy et al., 2017; Tschritter et al., 2006). Blocking Kv1.3 can inhibit Ca2+ signal transduction, T cell proliferation, and IL-2 secretion (Decoursey et al., 1984; Garcia et al., 2018) (Figure 1), which could obviously alleviate immune reaction by suppressing cytokines secretion. Many studies have shown that besides being highly expressed in T lymphocytes, Kv1.3 is also expressed in other immune cells, including microglia, lymphocytes, and macrophages. Using an electrophysiological technique, characteristic currents of Kv1.3 were recorded in human bone marrow‐derived macrophages, mammalian macrophages, microglia, monocytes, human alveolar macrophages, and other cells (Gallin, 1984; Mckinney and Gallin, 1990; Nelson et al., 1990; Kotecha and Schlichter, 1999; Cahalan et al., 2001; Mackenzie et al., 2003; Xie et al., 2015; Lowinus, 2020; Wang, 2020).
[image: Figure 1]FIGURE 1 | Mechanism of Kv1.3 in regulating immune cells. Blocking the Kv1.3 channel prevents the opening of the Ca2+ channel of macrophages and reduces the secretion of IL-2.
KV1.3 CHANNEL BLOCKERS
The Kv1.3 channel shows an unusual characteristic compared with other potassium channel subtypes, this channel is more sensitive to toxin blockers that possess a structurally diverse channel-interacting interface, such as the scorpion toxin autoimmune drug Wenxin group which binds the anti-parallel β-sheet domain, the scorpion toxin Buthus martensi mainly leverages the turn motif between the a-helix and antiparallel β-sheet domains. These unique pharmacologic characteristics could make it easy to discover novel blockers of the Kv1.3 channel. Interestingly, blocking the Kv1.3 channel can alleviate or treat diverse diseases, and different Kv1.3 blockers have great clinical significance in pharmacological regulation of Kv1.3 activity. Kv1.3 channel blockers include tetramethylamine (TEA), 4-aminopyridine (4-AP), quinine, verapamil, diltiazem, cetiedil, trifluoperazine, chlorpromazine, and other Kv channel blockers with different chemical properties. These blockers can inhibit cellular activities and gene expression, as well as the secretion and proliferation of lymphocytes. The ability of Kv channel blockers to inhibit cell proliferation has been found in a variety of cell types except the immune system (Cidad et al., 2020). At present, there are many synthetic inhibitors of Kv channels. However, scorpion venom which contains short peptides (20–80 amino acid residues) is the main source of Kv1.3 channel inhibitors (Shen et al., 2017). More and more selective Kv1.3 blockers are being used in studies, such as Vm24 (Cidad et al., 2020), SHK-170 (Varga et al., 2012), Mokatoxin-1 (Beeton et al., 2011), and OSK1-20 (Takacs et al., 2009) Margatoxin (MgTX) is considered a high-affinity and selective inhibitor of the Kv1.3 channel (Jang et al., 2011; Anangi et al., 2012; Tucker et al., 2013; Bhuyan and Seal, 2015). However, MgTX has high homology with other scorpion peptide sequences and has high affinity to both Kv1.3 and Kv1.2 channels (Bartok et al., 2014), suggesting that the specific selectivity of MgTX to Kv1.3 should be further studied. Due to their selectivity, potency, and stability, venom-derived ion channel inhibitors have become proper candidate molecules for research. As an example, MgTX is currently considered as a stable inhibitor of Kv1.3 (Knaus et al., 1995; Spencer et al., 1997; Ghanshani et al., 2000; Menteyne et al., 2009; Mast and Fadool, 2012; Schwartz et al., 2017). However, MgTX has some disadvantages in clinical application. Because it is a kind of polypeptide and a large molecule, it has many limitations on the dosing methods. There may be rejection by patients or doctors because it is a scorpion venom. Also, MgTX may have some affinity to other Kv channels. It is therefore important to find molecule compounds with higher selectivity to Kv1.3 than MgTX.
KV1.3 AND PROLIFERATION
Research on the function of Kv1.3 mainly focuses on the role of Kv1.3 in immune system diseases, however, the role of Kv1.3 in cell proliferation is also related to its regulation of immune function. It was first reported in 1984 that Kv1.3 is related to cell proliferation, and there are three mechanisms to regulate cell proliferation according to different cell types. The first mechanism is called the “membrane potential model” (Tschritter et al., 2006; Chandy and Norton, 2017). When the membrane potential is hyperpolarized in T lymphocytes, which causes K+ to flow from the cell to the extracellular, it provides the driving force for Ca2+ to flow into the cell and further promotes the activation of Ca2+‐dependent transcription factors, leading to cell proliferation. The second mechanism is known as the “voltage sensor model” (Cidad et al., 2012; Jiménez-Pérez et al., 2016), which has been reported in vascular smooth muscle cells. According to this model, Kv1.3 channels, as membrane voltage sensors, are very sensitive to the voltage change of the cell membrane. Membrane depolarization causes channels to open, which promotes the intracellular phosphorylation of tyrosine and serine residues by protein kinase in the MEK-ERK signaling pathway, so as to promote cell proliferation. Macrophages are different from T lymphocytes in that Kv1.3 is located on the T lymphocyte membrane alone, while Kv1.3 and Kv1.5 form a heterotetramer on the macrophage membrane. This form is also shown in glial cells. Cell proliferation is regulated by this special model, known as the “channel balance model” (Vicente et al., 2006; Cidad et al., 2012). Proliferation of glial cells is determined by the ratio of Kv1.3 and Kv1.5. Therefore, Kv1.3 can participate in cell proliferation by regulating intracellular Ca2+ as the second messenger, promoting the activation of intracellular transfer factors, or regulating the MEK-ERK signaling pathway to promote cell proliferation, and can also participate in cell proliferation by up regulating Kv1.3 and down regulating Kv1.5 channel expression.
KV1.3 AND APOPTOSIS
As we know, T cell activation and proliferation are initially regulated by Kv1.3 on the cell membrane. However, Kv1.3 was also found in the inner membrane of mitochondria, and many studies reported that Kv1.3 in mitochondria was closely related to apoptosis. For example, Kv1.3 on the mitochondrial membrane is involved in the death of CTLl-2 cell lines. In this mechanism, Kv1.3 on the mitochondrial membrane interacts with Bax (Bcl-2 family), triggering apoptosis in the way of toxoid (Pérez-García et al., 2018). PAPTP and PCARBTP are derived from potassium channel inhibitors PAP-1, which have high affinity to Kv1.3 in mitochondria. Application of mitochondrial Kv1.3 channel inhibitors (PAPTP and PCARBTP) can induce glioblastoma cell apoptosis, however, application of a nonspecific mitochondrial Kv1.3 channel inhibitor (Psora-4, PAP-1) in glioblastoma cells only produced a low percentage of apoptosis at ∼30%, because of their low affinity for mitochondria (Szabo et al., 2008; Venturini et al. (2017)). In addition, it is well known that cancer cells may become resistant to apoptosis, and the expression of the Kv1.3 channel may be one of the ways in which these cells are resensitized to apoptotic stimuli. It has been shown that the mouse cytotoxic T lymphocyte cell line CTLl-2 with a Kv1.3 defect is resistant to mitochondria-mediated apoptosis. Kv1.3 expression by transfection resensitized these cells to the apoptosis signal and promoted the apoptosis of CTLL-2 cells (Gulbins et al., 2010). However, not all Kv1.3 channel inhibitors can induce apoptosis of tumor cells. In the cell model of tumor apoptosis simulated by MgTX, it was shown that MgTX could not block the Kv1.3 channel of mitochondria in the cells, because MgTX could not enter through the cell membrane and act on mitochondria (Teisseyre et al., 2019). Therefore, the discovery of small molecule inhibitors with membrane permeability and selective inhibition of the mitochondrial Kv1.3 channel is of great significance, especially for targeting apoptosis and improving the targeted selectivity of compounds.
KV1.3 AND ACUTE LIVER INJURY
Acute liver injury (ALI) involves severe liver injury with abnormal function of liver cells, leading to different clinical syndromes such as clotting disorder, encephalopathy, and circulatory dysfunction. ALI is associated with a high mortality rate from liver diseases, ranging from 30 to 80% (Bernal et al., 2010). Kupffer cells (KCs) are key immune cells in the innate immune system of the liver and play a key role in lipopolysaccharide (LPS)-induced responses, which promote the secretion of inflammatory cytokines, including interleukin-1 (IL-1), interleukin-6 (IL-6), monocyte chemical attractant protein 1 (MCP-1), and tumor necrosis factor-α (TNF-α). These pro-inflammatory cytokines induce liver cell death, ultimately leading to ALF (Wang et al., 2016). In liver disease, there are two types of macrophages that function as immune cells: resident macrophages and circulating macrophages, which are different from monocytes. Circulating monocytes play an important complementary role in the homeostatic stability of the liver macrophage pool. Liver metabolism or toxic injury leads to the infiltration of a large number of monocyte‐derived macrophages into the liver (Tacke and Zimmermann, 2014). Therefore, monocyte infiltration may be a key event in the development of liver fibrosis. Lipopolysaccharide (LPS) can directly bind to hepatic macrophages toll-like receptor 4 (TLR4), activate the inflammatory response signaling pathway, and produce a large number of inflammatory factors, such as tumor necrosis factor TNF-α and interleukin-6 (IL-6), thus causing damage to liver cells. Our research group established two models of liver injury, namely acute liver injury induced by LPS or LPS+ D-gain (galactosamine). The results showed that MgTX, which is one specific blocker of Kv1.3, could reduce the serum levels of TNF-α, IL-6, ALT, and AST, reduce the proportion of peripheral mononuclear macrophages CCR2+/Gr1+ double-positive cell population and IBA-1+/CLEC-4F+ positive cell expression, reduce the infiltration of peripheral mononuclear macrophages into the liver, and significantly protect liver from acute liver injury (unpublished). Kv1.3 is essential for mononuclear cell migration, and data from some related studies support that Kv1.3 blockers can reduce macrophage migration. Inhibition of Kv1.3 can block chemotaxis of monocytes and infiltration of monocytes into the damaged brain, and reduce release of neurotoxic factors by activated microglia, including reactive oxygen species and pro-inflammatory cytokines, to alleviate brain damage (Eder, 2010; Liu et al. (2012)).
KV1.3 AND ALCOHOLIC LIVER DISEASE
Throughout the world, alcohol consumption is the leading cause of liver diseases and alcoholism, and liver diseases are the leading alcohol-related chronic diseases (European Association for the Study of Liver, 2012; Rehm et al., 2013). Alcoholic liver diseases include a variety of histopathological changes, ranging from steatosis to alcoholic steatohepatitis, which can result in fibrosis, cirrhosis, and even hepatocellular carcinoma (O’Shea et al., 2010). Alcohol intake promotes the accumulation of acetaldehyde and other reactive oxygen molecules in the liver, producing oxidative stress and leading to impaired hepatocyte metabolism and cell death (Teschke, 2018). Alcohol intake also promotes the growth of Gram‐negative intestinal bacteria, increases intestinal permeability, and improves the level of endotoxin lipopolysaccharides. Excessive lipopolysaccharides in peripheral blood reaches the liver, which can activate Kupffer cells, thereby producing free radicals and inflammatory cytokines, leading to necrotic inflammation and liver fibrosis (Szabo, 2015) Lipopolysaccharides also activate stationary hepatic stellate cells, secrete pro-inflammatory cytokines, and initiate the progression of liver fibrosis (Mandrekar and Szabo, 2009). While it is known that alcohol consumption can trigger an immune response in the liver, the mechanism of this disease status is still not clear. Recent studies have shown that toll-like receptors play a key role in the immune response and alcohol intake-induced upregulation of pro-inflammatory cytokines such as TNF-, IL-1, and the monocyte chemoattractant protein MCP-1. In addition, these immune responses lead to the production of reactive oxygen species, epigenetic changes, and infiltration of monocytes or neutrophils (Gao et al., 2011; Seki and Schnabl, 2012; Wang et al., 2012; Petrasek et al., 2013). Kupffer cells and macrophages are the earliest immune cells to respond to the liver response caused by alcohol. Therefore, macrophages/Kupffer cells play an important role in the pathogenesis of alcoholic liver diseases, and inhibiting inflammatory cytokines, chemokines, and macrophage infiltration is a feasible strategy for the prevention and treatment of alcoholic liver diseases. In our study, we found that MgTX can reduce the secretion of macrophage inflammatory factors (TNF-, IL-1, IL-20) and the infiltration of LY6Chi macrophages into the liver (unpublished). Therefore, Kv1.3 can regulate macrophage function and may be a new target for the prevention and treatment of alcoholic liver disease.
KV1.3 AND HEPATIC FIBROSIS
Hepatic fibrosis is related to inflammatory immune response and fibrogenic cytokines. Recent studies have found that Kv1.3 plays an important role in regulating immune cell function and is closely related to a variety of fibrosis diseases. In cardiovascular diseases, fibroblast proliferation is an important feature of the development of heart failure. Protective effects of regulatory T cells (Tregs) on myocardial fibrosis have been previously reported, however, in the late stage of congestive heart failure (CHF), regulatory T cells secrete the fibrogenic cytokine TGF-β to promote myocardial fibrosis. The high affinity of Eplerenone to the Kv1.3 channel enables it to directly antagonize the Kv1.3 channel, inhibit the proliferation of Tregs, and possibly play an immunoregulatory role in the process of CHF (Shao et al., 2018). For respiratory diseases, such as chronic obstructive pulmonary disease, asthma, bronchiolitis (DPB), and cystic fibrosis, the activity of T lymphocytes and their proliferation in surrounding organs depend largely on the activity and expression level of Kv1.3 channels. Therefore, in these acute or chronic respiratory diseases, these channels are also likely to be overactivated or overexpressed in T lymphocytes. Studies have demonstrated that targeting Kv1.3 channels can treat chronic inflammatory diseases, including respiratory diseases such as asthma or lung cancer (Kazama and Tamada, 2016). In addition, chronic inflammation in silicosis may develop into chronic fibrosis in which the extracellular matrix is replaced by fibroblasts and abnormal collagen. The causative factor is that macrophages phagocytose these harmful particles and are activated to release large quantities of mediators, including histamine and serotonin, leading to a fibrotic response. Nicorandil, which is one of the potassium channel blockers, can improve pulmonary fibrosis by regulating ATP-dependent potassium channels (Tanabe et al., 2012). In a recent study, severe glomerulosclerosis manifested in damaged kidneys, and with the increase of serum creatinine, the kidneys of subtotal nephrectomy rats also displayed diffuse interstitial fibrosis with leukocyte infiltration. Continuous inhibition of the lymphocyte Kv1.3 channel can improve the progression of renal fibrosis by inhibiting renal lymphocyte proliferation (Pinzani, 2008; Nakamura, 2015; Hanson et al., 2018). Hepatic stellate cells (HSCs) are located around hepatic sinuses, accounting for about 5–8% of the total number of hepatocytes. Currently, HSCs are considered one of the key cell types involved in the process of liver fibrosis and related pathophysiological and clinical complications. Activated HSCs produce smooth muscle actin (α-SMA), which enables myofibroblasts to proliferate, in addition to promoting the deposition of the extracellular matrix (ECM) and the formation of scar tissue in liver. Activation of myofibroblasts can regulate the expression of pro-fibrogenic factors, such as transforming growth factor-β (TGF-β), thereby promoting the development of fibrosis (Breitkopf et al., 2005; Schachtrup et al., 2011; Gandhi, 2017; Mu et al., 2018). The study found that TGF-β is a key cytokine in liver fibrosis and primary microglia, and that stimulation with TGF-β can increase the amplitude of outward K+ current. In mouse brain nerve cell line C8-B4, TGF-β (10 ng/ml) treatment induced a more than two-fold increase in the amplitude of K+ current, which was reduced by MgTX (100 nM) (Nörenberg et al., 1994; Fischer et al., 1995; Moussaud et al., 2009). Therefore, Kv1.3 channel inhibitors can regulate the expression of cytokine TGF-β, which is a key factor causing liver fibrosis, suggesting that Kv1.3 channels may alleviate the development of liver fibrosis by reducing the expression of TGF-β. In addition, we administered an interperitoneal injection of MgTX in mice with liver fibrosis to explore the protective effects of Kv1.3 on liver fibrosis through modulating macrophage function (Wu et al., 2020a; Wu et al., 2020b).
KV1.3 AND LIVER CANCER
Numerous studies have shown that cytotoxic CD8+ (killing tumor cells) and CD4+ (helper T cells promote tumor cell death and/or regulatory T cells) lymphocytes influence the prognosis and response to tumor therapy, and that the functional status of CD8+ and CD4+ determines the ability to kill tumor cells (Galon et al., 2006; Pagès et al., 2009; Wallis et al., 2015). The function of T lymphocytes is dependent on Ca2+ signaling, which is controlled by multiple ion channels to regulate the influx of Ca2+ into T cells. In particular, the Kv1.3 channel activates the Ca2+ channel through Ca2+ release (CRAC) to regulate the membrane potential of human T lymphocytes, providing an electrochemical driving force for Ca2+ influx and causing downstream cascade reactions (Panyi et al., 2004; Cahalan and Chandy, 2009; Feske et al., 2012; Hu et al., 2013). There is clear evidence of the importance of Kv1.3 and CRAC channels in T cell activation. Blocking Kv1.3 and CRAC channels inhibits cytokines production and proliferation (Cahalan and Chandy, 2009; Feske et al., 2012; Hu et al., 2013; Although the function of Kv1.3 and CRAC channels in T cell function is relatively clear, their function in cancer remains unclear. It was found that the expression of Kv1.3 in CD8+ lymphocytes of head and neck cancer was significantly lower than that of CD8+ lymphocytes of normal peripheral blood, suggesting that the expression of Kv1.3 plays an important role in the function of CD8+ lymphocytes (Chimote et al., 2017). The change of Kv1.3 expression is closely related to the occurrence and progression of different tumors. Kv1.3 expression varies in different tumors, even at different stages of tumor progression. Previously, it was discussed that Kv1.3 on a cell membrane is involved in cell proliferation, and the Kv1.3 channel on mitochondria is involved in the regulation of cell apoptosis, among which Kv1.3 on mitochondria is considered as a new tumor marker, and decreased Kv1.3 expression on mitochondria can induce the apoptosis of tumor cells (Checchetto et al., 2019). PAPTP and PCARBTP, specific mitochondria inhibitors on Kv1.3, reduced melanoma volume by 90 and 60%, respectively, with no effect on normal organs (Leanza et al., 2017). There have been few studies on the function of Kv1.3 in liver cancer. Yuki Moritoki reported that in patients with primary biliary cirrhosis (PBC), the level of polyclonal IgM produced by peripheral blood mononuclear cells (PBMCs) was significantly higher than that of the CpG exposed control group. In addition, abnormally high levels of anti-mitochondrial antibodies (AMAs) are prevalent and present in PBC patients. The use of Kv1.3 blocker SK can regulate the hyperreactivity of B lymphocytes and inhibit the secretion of AMA, which may be an effective method for PBC treatment (Moritoki et al., 2007). Therefore, Kv1.3 can increase its killing effect by regulating T lymphocyte activity or inducing the apoptosis of liver tumor cells. Reducing the secretion of AMA by a Kv1.3 blocker may achieve the purpose of treating liver cancer.
CONCLUSION
With the deepening of studies on liver diseases, the immune response of the liver is a key factor for the progression of liver diseases, and the regulation of immune cell function is considered as an important strategy for the prevention and treatment of liver diseases. Macrophages/Kupffer cells play an important role in the occurrence and development of liver diseases. For example, macrophages can release a large number of pro-inflammatory cytokines and chemokines to promote the inflammatory response in the liver; on the other hand, macrophages show significant plasticity and can differentiate into different phenotypes with diverse functions, such as M1 and M2 phenotypes, which play different functions in the occurrence and development of liver diseases. We summarized the role and function of Kv1.3 in various hepatic diseases (Figure 2). Therefore, targeting the regulatory effect of Kv1.3 on macrophage recruitment and cytokine secretion may become an effective new strategy for liver diseases treatment in the future.
[image: Figure 2]FIGURE 2 | Kv1.3 is involved in various hepatic diseases. Through blocking Kv1.3, Kv 1.3 blockers hinder the progression of various hepatic diseases and reduce damage by influencing macrophages/Kupffer cells and T lymphocytes to secrete cytokines or regulating the polarization of macrophages.
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Aquaporin 4 (AQP4) is an ubiquitously expressed membrane protein channel found in the central nervous system and mainly on astrocytes. Recent studies on AQP4 has implicated it in tumorigenesis. It is of interest to determine the potential value of AQP4 in identifying, guiding treatment and prognosticating various types of CNS cancers. This investigation systematically investigated the oncogenic role of AQP4 across 33 CNS tumors found in GEO and TCGA datasets. We found that CNS tumors strongly expressed AQP4. There appeared to be a strong link between the prognosis of patients with a CNS malignancy and degree of AQP4 expression. AQP4 expression influences the degree of CD8+ T-cell infiltration level as well as cancer-associated fibroblast infiltration in CNS tumors. Moreover, synaptic vesicle cycle and phosphatidylinositol signaling system-associated functions were also found to be related to AQP4 functional mechanisms. Furthermore, potential AQP4 inhibitors have also been explored by using Specs data base and virtual screening technique. This study contributes toward current knowledge regarding the role of AQP4 in CNS tumors.
Keywords: aquaporin 4, human brain tumors, tumorigenesis, immunoinformatics, CD8 + T-cell
INTRODUCTION
Recent literature highlights the central role of AQP4 in cancer initiation and progression (Papadopoulos and Saadoun, 2015; Lan et al., 2020; Zou et al., 2020). Understanding its roles in tumorigenesis and tumor development is indispensable knowledge that contributes toward the development of molecular-targeted therapies. The incorporation of AQP4 targeting is an overlooked and underdeveloped strategy in cancer therapy.
Our most recent review has confirmed that AQP4 is highly expressed in glioma tissues, and AQP4 exerted carcinogenic effects via various pathways in glioma (Lan et al., 2017). Furthermore, regulatory T-cell development has been found to be dependent on AQP4 expression (Chi et al., 2011). Mice lacking AQP4 receptors had suppressed levels of CD4+/CD25+ regulatory T-cells. This leads to an abnormally overactive microglial inflammatory response (Chi et al., 2011). A pan-cancer analysis is necessary for further exploring how AQP4 contributes toward maintaining immune homeostasis, in addition to its key function in tumorigenesis across human brain cancers.
Cancer is a multifactorial and complex disease. In order to better understand the disease progress, further analysis regarding certain genes of interest and their association to clinical progress is necessary. The publicly available TCGA and GEO database is a compilation of functional genomic datasets of various types of human cancers (Tomczak et al., 2015; Clough and Barrett, 2016; Blum et al., 2018), enabling several different and more thorough analyses to be made. In the current study, data extracted from both these databases allowed for a detailed scrutiny of the relationship between AQP4 and several types of CNS malignancies. We also explored gene expression and alteration, signaling pathways, immune infiltration, protein phosphorylation and overall patient survival to characterize the nature of AQP4 in the biology and clinical prognosis in patients with CNS cancers.
MATERIALS AND METHODS
Gene Expression Analysis
We sought to compare the expression levels of AQP4 protein between tumor and non-tumor tissues. The web-based TIMER2 (tumor immune estimation resource, version 2) (http://timer.cistrome.org/) tool was used to demonstrate the expression profiles of AQP4 across tumors and normal healthy tissues as well as in tumor data available on the TCGA database (Yang et al., 2007). The HEPIA2 “Pathological Stage Plot” module was used to generate violin plots of AQP4 expression across various pathological stages of all tumors available on the TCGA database. The UALCAN portal (http://ualcan.path.uab.edu/analysis-prot.html) allowed for an analysis of protein expression of the CPTAC (Clinical proteomic tumor analysis consortium) dataset (Chen et al., 2019).
Survival Prognosis Analysis
GEPIA2 were used to determine the DFS (Disease-free survival) and OS (Overall survival) information of all TCGA tumor data in relation to AQP4 expression (Tang et al., 2019). Cutoff-high (50%) and cutoff-low (50%) values were defined as thresholds in determining if the tumor was of the high-or low-expression group.
Genetic Alteration Analysis
Using the tool on cBioPortal web (https://www.cbioportal.org/) [(Gao et al., 2013), (Cerami et al., 2012)], “TCGA Pan Cancer Atlas Studies” in the “Quick select” section was chosen and “AQP4” was set as the query of genetic alteration characteristics of AQP4. The “Cancer Types Summary” module depicted the CNA (Copy number alteration), mutation type and alteration frequency across all TCGA tumors. The “Mutations” module allowed us to gain information regarding mutated sites in the form of schematic or 3D protein structure diagrams. Data regarding the disease-free, progression-free and overall patient survival differences between those with or without an AQP4 genetic alteration across tumors in the TCGA database was derived from the “Comparison” module.
Immune Infiltration Analysis
The TIMER2 web server “Immune-Gene” module was used to investigate the relationship between immune cell infiltration and AQP4 expression across tumors in the TCGA database. Cancer-associated fibroblasts and immune cells of CD8+ T-cells were selected. The EPIC, MCPCOUNTER, XCELL, QUANTISEQ, CIBERSORT-ABS, CIBERSORT and TIMER algorithms were used to estimate the degree of tumor immune cell infiltration.
After that, the CIBERSORT (https://cibersort.stanford.edu/index.php) was used to further explore the association between the expression of AQP4 and immune infiltrates across all TCGA tumors. Data of gene expression levels of GBM was downloaded from TCGA data base (https://gdc-portal.nci.nih.gov/), in which the Illumina HiSeq 2000 RNA Sequencing was used as the testing platform, and 153 GBM samples were finally included.
AQP4-Related Gene Enrichment Analysis
The STRING website (https://string-db.org/) was explored utilizing the query of a single protein name (“AQP4”) and organism (“Homo sapiens”). Restrictions including the active interaction sources (“experiments”) and maximum number of interactors to show (“no more than 50 interactors” in first shell) were set. Using these methods, we were able to determine proteins that bind to AQP4.
The top 100 AQP4-correlated targeting genes was determined using the “Similar Gene Detection” module of GEPIA2. We also applied the “correlation analysis” module of GEPIA2 to carry out a pairwise gene Pearson correlation analysis of AQP4 and preselected genes. Heatmap data of selected genes was derived from the “Gene_Corr” module of TIMER2.
GO (Gene ontology) and KEGG (Kyoto encyclopedia of genes and genomes) pathway analyses were carried out on a composite of two datasets. Gene lists were uploaded to DAVID (https://david.ncifcrf.gov/) with the settings of species (“Homo sapiens”) and selected identifier (“OFFICIAL_GENE_SYMBOL”) in order to obtain a functional annotation chart. The “tidyr” and “ggplot2” packages of the R language software (R-3.6.3) (https://www.r-project.org/) were used to visualize the enriched pathways.
Virtual Screening and Molecular Docking
The Spec database was used to predict potential AQP4 inhibitors. Molecular dockings of our own constructed 3D model of AQP4 (human) and potential inhibitors were performed. Homologous modeling of human AQP4 (PDBID: 3gd8) and potential inhibitors were carried out using the I-Tasser tool. The Schrodinger software (Glide module) was used to perform docking research. The pretreatment process of the Glide protein was as follows: Bhydrogenation > dehydration > protein structure optimization^. The Epik mode of Ligprep weas used to treat small molecules. The lattice file was then selected from the center of the ouabain, with the pocket representing the surrounding 15 Åresidue (the size was 15 Å × 15 Å × 15 Å). Glide was then used to obtain the docking conformation with the highest precision docking (XP) and the conformation with the highest score was selected for further analysis.
RESULTS
Gene Expression Analysis Data
AQP4 expressions across different types of cancer data available on the TCGA was assessed using the TIMER2 approach. As depicted in Figure 1A, AQP4 expressions in PCPG (Pheochromocytoma and Paraganglioma) were significantly raised in contrast to the control tissues (p < 0.05); while the expression of AQP4 in UCEC (Uterine Corpus Endometrial Carcinoma), THCA (Thyroid carcinoma), STAD (Stomach adenocarcinoma), READ (Rectum adenocarcinoma), PRAD (Prostate adenocarcinoma), PAAD (Pancreatic adenocarcinoma), LUSC (Lung squamous cell carcinoma), LUAD (Lung squamous adenocarcinoma), LIHC (Liver hepatocellular carcinoma), KIRP (Kidney renal papillary cell carcinoma), KIRC (Kidney renal clear cell carcinoma), KICH (Kidney Chromophobe), HNSC (Head and Neck squamous cell carcinoma), ESCA (Esophageal carcinoma), COAD (Colon adenocarcinoma), BRCA (Breast invasive carcinoma) and BLCA (Bladder urothelial carcinoma) were notably lower in contrast to the corresponding control tissues (p < 0.05). AQP4 expressions were also assessed in tumor and normal tissue data available on the GTEx dataset, which included STAD, LUSC, LUAD, LGG (Brain Lower Grade Glioma) and GBM (Glioblastoma multiforme) (Figure 1B, p < 0.05). However, there were no significant differences for the other tumor data available on GTEx. Figure 1C demonstrates the AQP4 expression patterns in various brain cancer data available on the CPTAC dataset. Using the TCGA data, we also cohorted patients into having either low- or high-expression groups and investigated the association of AQP4 with patient prognosis. Higher AQP4 expressions were related to poorer patient prognosis as well as shorter OS (Survival) for LGG cancers within the TCGA project (Figure 1D).
[image: Figure 1]FIGURE 1 | AQP4 gene expression across various tumors and pathological stages. (A) TIMER 2 was used to determine AQP4 expression across different cancers. *p < 0.05; **p < 0.01; ***p < 0.001. (B) TCGA database derived data on GBM, LGG, LUAD, LUSC and STAD cancers, with controls being corresponding normal tissues from the GTEx database. *p < 0.05 (C) AQP4 protein expression of normal tissue and pediatric brain cancer tissue from the CPTAC dataset was compared. (D) AQP4 gene expression and survival of cancer patients from the TCGA database was compared. The GEPIA2 tool was used to perform overall survival analyses of various cancers in TCGA based on expression of the SNRPG gene. The survival map and Kaplan-Meier curves are demonstrated. *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001.
Genetic Alteration Analysis Data
We further assessed the genetic alteration status of AQP4 in several tumor samples of the TCGA cohorts. Results indicated that patients with highest alteration frequency of AQP4 were those with esophagus tumors of the “amplification” and “deep deletion” subtypes (∼3% frequency) (Figure 2A). The “amplification” was the primary type for lung squ tumors, and similar results were also found for ovarian, pancreas, uterine CS, stomach, and DLBC tumors (Figure 2A). The “mutation” type of CNA was the primary type in the melanoma, which show an alteration frequency of ∼1.5%. The “deep deletion” CNA subtype was the primary type in the testicular germ cell cancer cases (Figure 3A). Interestingly, more than half of head and neck, bladder, uterine, lung adenocarcinoma and sarcoma cancer cases with genetic alteration (∼1% frequency) had copy “amplification” alteration (Figure 2A).
[image: Figure 2]FIGURE 2 | Mutation patterns of AQP4 across different cancers in the TCGA database. Using the cBioPortal tool, SNRPG mutations present in tumors in the TCGA database were analyzed. The alteration frequency with mutation type (A) and mutation site (B) are demonstrated. We display the mutation sites with the highest alteration frequency in the 3D structure of SNRPG (C).
[image: Figure 3]FIGURE 3 | Using GEPIA, the expression correlation between AQP4 and AQP4-correlated immune checkpoints were analyzed, including TIM-3 (HAVCR2), PD-L1 (CD274), PD-L2 (PDCD1LG2), and CEACAM1, using GBM and LGG samples.
Figure 3B depicts the types, sites and case number of AQP4 genetic alterations. The most frequently encountered genetic alterations in the AQP4 gene were missense and truncation mutations. Among missense mutations, one AA change (G194A) alteration in the MIP domain was detected in 1 case of cancer, and one S196Lfs*17 alteration in the MIP domain was detected in 1 case of cancer (Figure 2B), which was able to induce amino mutations of the AQP4 gene at the 194 site of AQP4 protein, resulting in subsequent AQP4 protein truncation. Among truncation mutations, AA change (G194A) alteration in the MIP domain was detected in 2 cases of cancer. We further observed the 194 site in the 3D structure of AQP4 protein (Figure 2C). This result would benefit from further research.
AQP4-Related Immune Checkpoints Analysis
We hypothesized that AQP4 could also be the regulatory factors of various immune checkpoints in brain tumors, such as TIM-3 (HAVCR2), PD-L1 (CD274), PD-L2 (PDCD1LG2), and CEACAM1. Thus, correlation analysis of AQP4 and various checkpoints expressions was then performed with given sets of TCGA expression data by using the Gene Expression Profiling Interactive Analysis (GEPIA) online tool (http://gepia.cancer-pku.cn/). These results indicated that AQP4 could be greatly related to various immune checkpoints in human GBM (p < 0.05) (Figure 3). Thus, we hypothesized that AQP4 may also be the key factor suppressing GBM malignancy via regulating immune checkpoints.
Immune Infiltration Analysis Data
Cancer development, progression and metastasis have been found to be dependent on the degree of tumor immune cell infiltration (Saadoun et al., 2002). Stromal cancer-associated fibroblasts present in the tumor microenvironment have been found to exert a significant effect on various tumor functions (Warth et al., 2007; Ding et al., 2011). We then sought to determine the association between AQP4 gene expression and the degree of tumor immune cell infiltration across different cancer data available in TCGA using the TIMER, MCPCOUNTER, CIBERSORT-ABS, XCELL, CIBERSORT, QUANTISEQ and EPIC algorithms. AQP4 expression was noted to be significantly related to levels of cancer-associated fibroblasts of the CESC, CHOL, HNSC [HPV (Human papillomavirus) -], LIHC, STAD, TGCT and THYM cancers. However, OV cancers were found to be negatively associated to AQP4 expressions (Figure 4A). Figure 4B depicts scatterplot data of the above tumors produced using a single algorithm. AQP4 expression level in CESC correlates positive with the degree of cancer-associated fibroblast infiltration (Figure 4B, cor = 0.192, p = 1.33e-03) based on the XCELL algorithm.
[image: Figure 4]FIGURE 4 | The correlation analysis between AQP4 expression and tumor cell infiltration of cancer-associated fibroblasts was performed using different algorithms across various types of cancer information from the TCGA database.
Based on the expression levels of various GBM genes in the TCGA database, we used the CIBERSORT (https://cibersort.stanford.edu/index.php) tool to calculate the component ratio of 22 types of immune cells in each sample. And the composition of various immune cell types in each sample has been visualized (Figure 5A). After that, the samples were divided into low level (expression level below median) and high level (expression level above or equal to median) groups, according to the gene expression level of the AQP4. The proportional difference of various immune cells in the two different expression levels was analyzed between two groups (Figure 5B).
[image: Figure 5]FIGURE 5 | Comparisons of 22 important immune fractions between low- and high-AQL4 groups. (A) The specific 22 immune fractions represented by various colors in each sample were shown in barplot. (B) Wilcoxon rank-sum test revealed that the infiltration levels of CD8+ T cell, CD4+ memory resting T cell, M1 and M2 macrophages, as well as dendritic resting cells in high-AQP4 group were lower compared with that in low-AQP4 group.
Enrichment Analysis of AQP4-Related Partners
We then sought to uncover the role of the AQP4 gene in tumorigenesis. Potential AQP4 protein binding targets and genes associated to AQP4 expression were determined. The STRING tool yielded a total of 50 AQP4-binding proteins supported by experimental evidence. Figure 6A demonstrates the interaction network of these proteins. The GEPIA2 tool was used to combine all brain cancer tumor expression data in the TCGA databased and determined the top 100 genes that correlated with AQP4 expression. As shown in Figure 6B, the AQP4 expression level correlated positively to that of MLC1 (R = 0.83), NADK2 (R = 0.38), SLC7A11 (R = 0.26), RFX4 (R = 0.81), and CERS1 (R = 0.82) genes (all p < 0.001). There was also a positive association between AQP4 and the above five genes across various different cancers (Figure 6C).
[image: Figure 6]FIGURE 6 | AQP4-related gene enrichment analysis. (A) Firstly, protein candidates which bound to AQP4 were predicted using the STRING tool. (B) The GEPIA2 allowed us to determine the top 100 AQP4-correlated genes from the TCGA database. The correlation between AQP4 expression and selected targeting genes were analyzed, including MLC1, NADK2, SLC7A11, RFX4, and CERS1. (C) The corresponding heatmap data based on detailed cancer types are also shown.
GO and KEGG enrichment analyses were performed on two combined datasets. GO enrichment analysis data revealed that a majority of these genes were associated to pathways or cellular biology of active (ion) trans-membrane transporter activity and others (Figure 7A). The KEGG data suggested that “synaptic vesicle cycle” and “phosphatidylinositol signaling system” were mainly involved in AQP4 effects on tumor pathogenesis (Figure 7B).
[image: Figure 7]FIGURE 7 | AQP4-related gene enrichment analysis. (A) GO analysis depicts molecular functional data of potential genes that may interact with AQP4 (B) KEGG analysis was also conducted.
Virtual Screening of Potential AQP4 Inhibitors and Molecular Docking Analysis
Potential AQP4 inhibitors were explored using the Specs data base. We performed a virtual screening of the Specs data base using schrdinger software. The docking conformation of the top 20 small molecules with the modeling protein is demonstrated (Table 1), along with the docking mode and important residues (Figure 8). Recognition of AQP4-specific inhibitors may pave the way for the creation of novel molecular targeting agents useful in the treatment of CNS cancers.
TABLE 1 | Sequence of the top 20 small molecules with highest docking scores.
[image: Table 1][image: Figure 8]FIGURE 8 | Virtual screening of potential AQP4 inhibitors and molecular docking analysis. The docking conformation of the top six small molecules with the modeling protein is provided and the docking mode and important residues are given.
DISCUSSION
Recent evidence suggests that AQP4 expression may be linked to several diseases such as cancer (Papadopoulos and Saadoun, 2015; Zou et al., 2020; Lan et al., 2020). Nevertheless, precise mechanisms have yet to be fully elucidated. Current evidence has indicated that brain AQP4 is up-regulated in high grade tumors compared to low grade tumors or normal brain tissue, possibly contributing to cerebral edema (Saadoun et al., 2002; Warth et al., 2007). Other authors link AQP4 to the regulation of human glioma cells migration and invasion (Ding et al., 2010; Ding et al., 2011). Besides, various studies have confirmed the increased AQP4 expression in GBM, and promoting role of the down regulation of AQP4 in inducing glioblastoma cell apoptosis (Ding et al., 2013) has also been elucidated. All these suggest the involvement of AQP4 in malignant brain tumors and indicated that AQP4 could serve as a potential target for therapy of glioma. This study is the first to comprehensively examine AQP4 gene expression in human brain tumors available in the TCGA and GEO databases as well as its relationship to protein modulation, genetic alteration and other gene expression.
Mammals have been found to demonstrate 13 different aquaporins (AQP0-AQP12). AQP4 has been found to play a central growth in cancer development and progression (Lan et al., 2017). Some studies found that inhibition of AQP4 expression resulted in slowed tumor growth (Ding et al., 2011; Ding et al., 2013). Nicosia et al. (Nicosia et al., 2019) found that both CD4+ and CD8+ T cells expression AQP4. T cell proliferation, trafficking and activation were stunted as a result of AQP4 blockade. Furthermore, critical chemokine receptors known to mediate T cell migration were also affected by T cell inhibition. AQP4 targeting may be useful in eliminating aberrant immune responses in patients with various immune-related diseases. Our study further clarified the potential therapeutic effect of AQP4 in CNS cancers and its immune-related biological mechanisms.
Our previous research indicated that AQP4 could be was found in high concentrations in brain cancer tissues and that AQP4 could also impact the overall survival of cancer patients (Lan et al., 2020). However, the roles of AQP4 in immunity, as well as in various other brain cancers have not been identified systematically. Interestingly, ours investigation found that other tumors expressed AQP4 to a lower degree compared to brain cancers such as GBM and LGG, implicating AQP4 in brain cancer tumorigenesis. Different cancers were demonstrated to have distinct profiles of AQP4 expressions.
AQP4 was also found to have significant statistical correlations to microsatellite instability, tumor mutational burden, immune cell infiltration, protein phosphorylation and clinical prognosis across multiple tumors. Whether or not AQP4 exerts a tumor-suppressive or oncogenic effect warrants further investigation. Additionally, there is no widely accepted specific AQP4 inhibitor, and aquaporin inhibitors may be a novel class of anti-tumor agents. Currently no such inhibitors are available to date, and studies exploring small molecule inhibitors targeting AQP4 have been largely unsuccessful (Verkman et al., 2014; Papadopoulos and Saadoun, 2015). Screening for specific inhibitors of AQP4 may illuminate the design of novel mechanism-based therapies for brain tumors. Thus, the potential AQP4 inhibitors presented in this study that could serve as a basis for increased research interest and warrant more detailed exploration. Recognition of AQP4-specific inhibitors may open a new avenue for developing more specific targeted treatment for brain cancers. Our study provides robust evidence supporting AQP4 as a new candidate for brain cancer treatment.
CONCLUSION
Despite the interesting implications associated with AQP4 and its significant potential as a potential therapeutic target, the mechanisms of its potential effects on tumorigenesis or tumor suppression remain elusive. The findings presented in this study clearly demonstrated that AQP4 should be further studied. However, it is noteworthy that the foundational basis of the views presented in this article is based solely on the bioinformatic technique. More studies should be directed toward clarifying the precise effects of AQP4 in various human cancers.
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Pyroptosis, a newly discovered form of programmed cell death, is characterized by cell swelling, the protrusion of large bubbles from the plasma membrane and cell lysis. This death pathway is mediated by the pore formation of gasdermin D (GSDMD), which is activated by human caspase-1/caspase-4/caspase-5 (or mouse caspase-1/caspase11), and followed with the releasing of both cell contents and proinflammatory cytokines. Pyroptosis was initially found to function as an innate immune effector mechanism to facilitate host defense against pathogenic microorganisms, and subsequent studies revealed that pyroptosis also plays an eventful role in inflammatory immune diseases and tumor resistance. Recent studies have also shown that pyroptosis is involved in the initiation, the progression and complications of atherosclerosis. Here, we provide an overview of the role of pyroptosis in atherosclerosis by focusing on three important participating cells: ECs, macrophages, and SMCs. In addition, we also summarized drugs and stimuli that regulate the progression of atherosclerosis by influencing cell pyroptosis.
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INTRODUCTION
In recent decades, atherosclerotic cardiovascular disease was found to the main cause of vascular diseases, which is developed by the accumulation fatty and/or fibrous material in vascular intima. Endothelial cells (ECs), smooth muscle cells (SMCs) and macrophages are main cell types involved in the atherosclerosis. ECs and SMCs constitute the structure of vascular. ECs dysfunction and death induce the release of inflammatory cytokines and the monocytes recruitment, which is the initiation of atherosclerosis (Libby et al., 2019). It is worth noting that the infiltration of inflammatory cells in the arterial wall is a well-known important process of atherosclerosis (Chen et al., 2010). Inflammatory cells, consisted mainly of monocytes, are recruited by proinflammatory cytokines and chemokines that is released by damaged ECs and migrate to the injury site. As inflammation in subendothelial worsen, the incompletely differentiated SMCs proliferate and migrate to the endothelial, accelerate the progression of atherosclerosis (Choy et al., 2001; Savoia and Schiffrin, 2007). Recent experimental data suggest that macrophages and SMCs uptake low-Density Lipoprotein Cholesterol (LDL-C) in atherosclerotic plaque and lead to the plaque formation (Bennett et al., 2016a; Basatemur et al., 2019). Under physiological conditions, inflow and outflow of monocyte/macrophage in vascular has a balance, eliminate the inflammatory cytokines and metabolic waste in vascular (Curtiss, 2009). In the progression of atherosclerosis, macrophages and SMCs phagocytose excess lipid and their programmed death leads to the formation of necrotic cores (Geng and Libby, 1995; Clarke et al., 2010). These studies indicate that cell death and inflammation are two key factors in the initiation and progression of atherosclerosis.
As a membrane-pore-formation death mechanism, pyroptosis is closely related to the inflammatory response. Different from apoptosis and necrosis, pyroptosis has a unique mechanism. Pyroptosis is activated by pattern recognition receptors (PRR) and triggers inflammatory responses, which is part of innate immunity and is general in vertebrates (Jorgensen and Miao, 2015). After sensing ligands, the inflammasome assembles and cleaves caspase-1 (LPS sensing leads to activation of human caspase-4/5 or mouse caspase-11). The activated Caspase-1 or Caspase-4/5/11 cleaves GSDMD which forms cell membrane pores and eventually lead to pyroptosis. Caspase-1 also activate interleukin (IL)-1β and IL-18, and these cytokines along with other alarmins are secreted through cell membrane pores or after membrane lysis, which may cause the aggregation of immune cells (Shi et al., 2015). Pyroptsis changes the intracellular structure to kill intracellular bacteria and destroy the replication environment to resist pathogens, which exhibits a role of immune defense (Miao et al., 2010; Jorgensen et al., 2016). Moreover, excessive or poorly regulated cell death is increasingly recognized to contribute to chronic inflammatory disease. Pyroptosis can be both a consequence and a cause of inflammation, and these roles are difficult to be distinguished in chronic diseases (Anderton et al., 2020). Even so, increasing evidence has shown that pyroptosis may be involved in the pathological process of atherosclerosis (Chang et al., 2013; Xu et al., 2018). In this review, we summarize the function and influencing factors of pyroptosis in ECs, macrophages, and SMCs.
PYROPTOSIS
In original cognition, pyroptosis was considered as a unique death form of monocytes, characterized by caspase-1 mediated and corresponding to certain bacterial stimulation. However, subsequent studies found that caspase-1 can also be activated in response to stimuli, such as infection and inflammatory factors, and induce pyroptosis in a variety of cells. With the discovery that caspase-11/4/5 induces pyroptosis by recognizing intracellular lipopolysaccharide (LPS), it was revealed that pyroptosis is not only specifically triggered by caspase-1. Based on this, pyroptosis-related cell death pathways are classified into two types: the caspase-1-mediated canonical inflammasome pathway and the human’s caspase-4/5 (or murine caspase-11)-mediated noncanonical inflammasome pathway. Recent studies have identified GSDMD, a substrate of caspase-1 and caspase-11/4/5, as the pyroptosis executioner. The gasdermin family proteins, including GSDMD exerts membrane pore-forming activity. Hence, pyroptosis has also been described as gasdermin-mediated programmed necrosis (Shi et al., 2017).
Caspase-1 is Activated in the Canonical Inflammasome Pathway
In the canonical pathway of pyroptosis, the activation of caspase-1 triggered by activated inflammasomes leads to pyroptosis. Inflammasomes, which detect pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs), consist of members of the nucleotide-binding oligomerization domain -like receptor (NLR) family and pyrin proteins (Rathinam et al., 2010; Heilig and Broz, 2018). Once PRR recognizes the signal of infection or immunological challenge, it will mediate the assembly of inflammasomes through downstream molecules. The assembled inflammasome complex binds to the precursor of caspase-1 (pro-caspase-1) and releases activated caspase-1, which eventually leads to pyroptosis (Broz and Dixit, 2016; Shi et al., 2017).
In the past decade, extensive studies have showed that specific types of inflammasomes recognize specific microbial stimuli and endogenous dangers (Broz and Dixit, 2016). The NOD-like receptor 3/apoptosis-associated speck-like proteins (NLRP3/ASC) inflammasome activating caspase-1 was first discovered by Kanneganti et al. (Kanneganti et al., 2006; Mariathasan et al., 2006; Sutterwala et al., 2006). As the most representative pyroptosis-related inflammasome in response to a variety of membrane damage signals, NLRP3 is involved in the pathological process of numerous inflammation-related diseases such as cancer, atherosclerosis, diabetes, and obesity (Sharma and Kanneganti, 2021). The absent in melanoma 2 (AIM2)/ASC inflammasome that recognize double-stranded DNA plays a role in pathogen infection. The NLR family of apoptosis inhibitory proteins (NAIP)/NLRC4 inflammasome can respond to Type III secretions and bacterial flagella. The NLRP1 inflammasome can specifically recognize Toxoplasma gondii infection and anthrax lethal toxin. The Pyrin/ASC inflammasome receive the signals of Rho GTPases inactivating modifications caused by bacterial toxins (Martinon et al., 2002; Zhao and Shao, 2016). After receiving the pyroptosis signal, NLRs, AIM2 and Pyrin bind to ASC with signaling domains. The bound ASC then recruits and cleaves the pro-caspase-1 to releases the activated caspase-1 (Aachoui et al., 2013a). Activated caspase-1 cleaves the linker of GSDMD and matures IL-1β/18, which is released to the outside of the cell through the membrane pore (Shi et al., 2015; Ding et al., 2016; Liu et al., 2016). Relevant studies on the inflammasome has showed that caspase-1 and caspase-1-mediated pyroptosis represent a very important defense mechanism in innate immune system (Shi et al., 2017).
Caspase-11/4/5 is Activated in the Non-canonical Inflammasome Pathway
In the end of 2000s, studies have found that the death of mouse macrophages in response to Gram-negative bacteria infection is closely related to caspase-11 (Ng and Monack, 2013; Yang et al., 2015). Different from the Caspase-1-dependent death, Caspase-11 responds to non-classical activators rather than classic inflammasomes (Kayagaki et al., 2011). This macrophage death has been proven to be pyroptosis caused by the non-canonical inflammasome pathway, as the morphology of the dying macrophages resembles that of cells affected by cell death induced by caspase-1. Further research found that caspase-11 mediated pyroptosis by recognizing LPS in the cell wall of gram-negative bacterias (Aachoui et al., 2013b; Hagar et al., 2013; Kayagaki et al., 2013). Human’s caspase-4 and caspase-5 appear to have the same function as murine caspase-11, which is activated by binding to LPS directly. The response of caspase-11 and caspase-4/5 to LPS depends on the recognition of lipid A moiety by their caspase activation and recruitment domain (CARD) domain (Shi et al., 2014).
Activated caspase-4/5/11 cause pyroptosis by activating GSDMD. Unlike canonical signaling pathway, this caspase-4/5/11-mediated pyroptosis releases IL-1α and high mobility group box 1 (HMGB1) (Kayagaki et al., 2015; Cheng et al., 2017). Caspase-4/5/11 regulate the secretion of IL-1β by activating the NLRP3/ASC/caspase-1 pathway instead of maturing pro-IL-1β directly. Recent studies have shown that following intracellular LPS stimulation, caspase-11 is involved in the cleavage of pannexin-1 channels and ATP release, which finally activated the NLRP3/ASC/caspase-1 pathway (Kayagaki et al., 2015; Cheng et al., 2017).
Cleaved Gasdermin Triggers Pyroptosis
GSDMD mainly contains two domains, the N-terminal gasdermin-N domain, which is the pore-forming fragment, and the C-terminal gasdermin-C domain, which inhibits the activation of gasdermin-N. These two domains are connected by a linker loop, and activated caspase-1 and caspase-4/5/11 cleave GSDMD at this linker region (Shi et al., 2015). The activation of gasdermin-N domain causes the perforation on membrane and eventually leads to pyroptosis. In intact GSDMD, the activity of gasdermin-N domain is inhibited due to its binding to gasdermin-C domain (Shi et al., 2015; Ding et al., 2016). The activated gasdermin-N domain can combine into oligomers and form pores in the cell membranes, including the plasma membrane. These membranes contain liposomes made of polar lipid mixtures, such as phosphoinositide and cardiolipin (Ding et al., 2016; Liu et al., 2016). Different from other pore-forming proteins, the asymmetric distribution of phosphoinositide on the plasma membrane leads to the specificity of GSDMD for mammalian cell pore formation (Aglietti et al., 2016; Sborgi et al., 2016).
GSDMD is a member of the gasdermin family, which is characterized by containing N domain. Gasdermin family proteins that have been discovered include GSDMA, GSDMB, GSDMC, GSDMD, GSDME (also known as DFNA5), and DFNB59 in humans (Shi et al., 2014). It is worth mentioning that mice do not possess GSDMB but have three subtypes of GSDMA and four subtypes of GSDMC. Except for DFNB59, the structures of GSDMA, GSDMB, GSDMC, and GSDME are similar to GSDMD, including the gasdermin-N domain and its binding inhibitory domain. Once activated, gasdermin-N domains can induce cell perforation and pyroptosis in mammalian cells (Kovacs and Miao, 2017; Feng et al., 2018). Due to the similar pore formation method of gasdermin-N domains, Shao group redefined pyroptosis as GSDM-mediated programmed cell death (Shi et al., 2017). This new definition suggests potential pyroptosis mechanisms in addition to the classical and non-classical pathways. Several recent studies found that Caspase-8 can also induce pyroptosis via directly cleaving GSDMD and GSDME (Orning et al., 2018; Sarhan et al., 2018).
PYROPTOSIS IN ATHEROSCLEROSIS
Atherosclerosis is a chronic inflammatory disease involving multiple factors. Recruitment of monocytes/macrophages, proliferation and phenotypic transformation of SMCs and calcification constitute this pathological process (Bennett et al., 2016a). The balance of a variety of pro-inflammatory and anti-inflammatory factors, as well as ECs, macrophages and SMCs in plaques participate in the inflammation and death under various conditions, which are the focus of atherosclerosis research. Pyroptosis, a new cell death method, widely occurs in the initiation, progression and complications of atherosclerosis (Mensah, 2007; Zeng et al., 2019).
Pyroptosis in the initiation of Atherosclerosis
The dysfunction and death of ECs are the initiation of atherosclerosis (Libby et al., 2019). Under the action of serum inflammatory factors such as IL-1β, IL-18, tumor necrosis factor (TNF)-α and low density lipoprotein-cholesterol, ECs injury leads to the dysfunction and permeability change in vascular endothelial (Borén and Williams, 2016; Ference et al., 2017). Previous studies have classified death of ECs as cell necrosis or apoptosis, but with the reveal of new death mechanisms, it is detected that pyroptosis, a pro-inflammatory cell death, plays an important role in atherosclerosis. We summarized the atherosclerotic ECs pyroptosis induction/inhibitors and their brief mechanisms in the existing reports (Figure 1). The pyroptotic ECs cause endothelial dysfunction and release inflammatory cytokines to recruit monocytes (Figure 2A). Recent studies have shown that the NLRP3-mediated canonical pathway is the main mechanism of ECs pyroptosis in the initiation of atherosclerosis.
[image: Figure 1]FIGURE 1 | Positive factor (A) and Negative factor (B) regulating pyrotosis in ECs.
[image: Figure 2]FIGURE 2 | (A) Pyroptosis induce endothelial dysfunction, ECs death, inflammatory cytokines release and monocyte recruitment in at the early stage of atherosclerosis. (B) Pyrotosis induce foam cell formation and macrophage and SMC migration, increase inflammation and necrotic core formation in the advanced atherosclerosis. (C) Pyroptosis induce release of procoagulant molecules, thin the fibrous cap and promote plaque reptrue.
Yin and Wu reported that hyperlipidemia promotes ECs activation and death via caspase-1 activating in high-fat diet (HFD)-fed ApoE−/− mice (Yin et al., 2015; Wu et al., 2018). Compared with ApoE−/−mice, the atherosclerotic area in the aortic sinus area of the caspase-1 and ApoE double knockout mice was reduced by 44% after 3 weeks after HFD feeding. The comparison of antibody arrays showed that the expressions of 17 cytokines and chemokines, such as intercellular adhesion molecule-1 (ICAM-1) and IL-1α, in ApoE−/−/caspase-1−/− mice were lower than that in ApoE−/− mice (Yin et al., 2015). Furthermore, it is reported that hyperhomocysteinemia and nicotine upregulate the expression of NLRP3, ASC, and Caspase-1 and induce death of ECs(Xi et al., 2016; Wu et al., 2018). Taken together, studies mentioned above suggest that these risk factors cause initiation of atherosclerosis via inducing ECs pyroptosis. Coincidentally, trimethylamine N-oxide (TMAO), an intestinal metabolite, treatment also confirmed the consistency between ECs pyroptosis and atherosclerosis in ApoE−/− mice (Wu et al., 2020a).
On the other hand, existing studies have indicated that multiple drugs and genes such as melatonin, salidroside (SAL), estrogen, pyrogallol-phloroglucinol-6,6-bieckol (PPB) and fibroblast growth factor 21 (FGF21) decrease atherosclerosis plaque formation via inhibiting ECs pyroptosis in vivo and in vitro (Zhang et al., 2018; Oh et al., 2020; Xing et al., 2020; Zeng et al., 2020; Meng et al., 2021). Moreover, recent studis have discovered more drugs and miRNAs that could regulate ECs pyroptosis, including atorvastatin, miRNA-30c-5p, miRNA-125a-5p, etc. in vitro (Li et al., 2018; Zhaolin et al., 2019; Wu et al., 2020b). These laboratory work proved that the ECs pyroptosis is affected by complex factors. Although the role of these factors in atherosclerosis needs to be verified by further in vivo work, these discoveries have one thing in common that atherosclerosis-related ECs pyroptosis is achieved through the assembly of NLRP3 inflammasome and the activation of caspase-1.
With the continuous deepening of study, the mechanism of NLRP3-mediated ECs pyroptosis in the initiation of atherosclerosis has been gradually discovered. As a classic inflammatory signal, nuclear factor kappa-B (NF-κB) pathway has been proved to be involved in the pyroptosis of atherosclerotic ECs. Zeng et al. reported that after 2 h of NF-κB inhibitor BAY 11–7,082 treatment, the NLRP3, caspase-1 and IL-1β expression levels of ECs cultured with ox-LDL decreased significantly. PI staining results showed that BAY pretreatment also reduced the proportion of dead cells (Zhaolin et al., 2019). Correspondingly, studies showed that melatonin and PPB alleviate atherosclerosis in HFD-fed ApoE−/− mice via inhibiting NF-κB-mediated pyroptosis in ECs(Schmitz and Ruebsaamen, 2010; Oh et al., 2020). It is well known that mitochondrial damage and reactive oxygen species (ROS) production are sufficient to activate NF-κB signal (Morgan and Liu, 2011; Formentini et al., 2012). By summarizing the existing data, we found the mechanisms of ox-LDL, nicotine, acrolein, TMAO, and blood low shear stress that promote NLRP3-mediated ECs pyroptosis are all related to mitochondrial damage and ROS production (Jiang et al., 2018; Wu et al., 2018). Succinate dehydrogenase complex subunit B (SDHB), located on the inner mitochondrial membrane, is a member of the succinate dehydrogenase (SDH) family, and plays a vital role in respiration and oxidation (Eng et al., 2003). The overexpression of SDHB promotes the ROS generation, while the transfection of SDHB shRNA abolishes the TMAO-induced pyroptosis in human umbilical vein endothelial cells (HUVECs) (Wu et al., 2020a). The down-regulation of SDHB inhibitory protein tet methylcytosine dioxygenase 2 (TET2) expression is involved in the pyroptosis caused by low shear stress and ox-LDL (Zhaolin et al., 2019; Chen et al., 2021). On the contrary, FGF21, brain-derived neurotrophic factor (BDNF) and colchicine (CC) effectively inhibit the ECs pyroptosis by stabilizing mitochondria and reducing ROS (Yang et al., 2020; Zeng et al., 2020; Jin et al., 2021). Various signs indicate that ROS/NF-κB/NLRP3 axis plays an important role in ECs pyroptosis in the initiation of atherosclerosis.
A recent study showed that estrogen inhibits ECs pyroptosis by inducing autophagy, thereby ameliorating atherosclerosis in mice. Estrogen reduced the expression of caspase-1 and GSDMD in homocysteine (Hcy)-treated HUVECs, while the autophagy inhibitor 3-MA reversed this effect (Meng et al., 2021). Meanwhile, Jiang et al. reported that autophagy alleviates the activation of NLRP3 inflammasome and pyroptosis caused by acrolein in ECs via improving mitochondrial function and reducing ROS (Jiang et al., 2018). Since ROS can activate NF-κB pathway (Evans and Salamonsen, 2012), it is speculated that the inhibition of pyroptosis by autophagy might be related to the ROS/NF-κB/NLRP3 axis, but this remains to be confirmed by further studies.
The latest research shows that nicotine activates bone marrow-derived macrophages (BMDMs) pyroptosis and BMDMs pre-treated with nicotine aggravate ECs apoptosis in vitro. Correspondingly, nicotine exacerbates mice endothelial damage and atherosclerosis, accompanied by enhanced macrophage chemotaxis in vivo (Mao et al., 2021). The results of this research also suggest that, atherosclerosis should be a complex pathological process that involves many kinds of cells. When studying the role of pyroptosis in the initiation of atherosclerosis, both the pyroptosis of ECs itself and other regulating cells should be considered.
Pyroptosis in the Progression of Atherosclerosis
Macrophage-derived foam cells are the major cells involved in atherosclerosis lesions and a key factor in plaque instability (Moore et al., 2013). The death of macrophages modulates the development of atherosclerotic lesions. For example, in advanced lesions, macrophage death promotes necrotic core formation, increasing plaque vulnerability and thrombosis (Kockx and Herman, 2000; Seimon and Tabas, 2009). As a type of regulated necrosis that secretes pro-inflammatory factors, pyroptosis has been reported to account for a large part of the macrophages’ death in atherosclerotic plaques (Martinet et al., 2019). Pyrotosis in the plaque induces inflammation which causes macrophage and SMCs migration and promotes foam cell formation (Figure 2B). Integration of existing studies, it is proved that NLRP3-dependent macrophages and foam cell pyroptosis contributes to the progression of atherosclerosis. It is particularly noteworthy that Fidler et al. described the AIM2-dependent macrophage pyroptosis exacerbates atherosclerosis as well. According to their study, the Janus kinase 2 (Jak2) mutation Jak2V617F in macrophages lead to DNA replication stress and activation of the AIM2 inflammasome, thereby aggravating formation of necrotic cores. Consistent with the knockout of AIM2, knockout of Caspase-1/11 or GSDMD alleviated atherosclerosis in mice Aim2 knockout in Jak2V617Fmice (Fidler et al., 2021).
The formation of foam cells promotes the progression of atherosclerosis. Compared with high-concentration short-term stimulation, the low-concentration long-term ox-LDL treatment makes human monocyte-derived foam cells cultured in vitro prone to pyroptosis (Nogieć et al., 2020). As a major component of plasma membrane, lsophosphatidylcholine (LPC) is a critical factor with highly pro-inflammatory in ox-LDL’s atherogenic activity (Matsumoto et al., 2007). Corrêa et al. reported that LPC-induced foam cell formation in monocytes and ECs is dependent on caspase-1 activation and IL-1β release. Interestingly, it is showed that LPC induces the secretion of IL-1β in human monocytes, but not in ECs in vitro (Corrêa et al., 2019). Although further animal and clinical data are needed to support the above results, it is speculated that pyroptosis in monocytes/macrophages has a stronger pro-inflammatory effect than ECs. Futhermore, the pyroptosis in foam cells aggravates the progression of atherosclerosis by inducing inflammation.
A study of nicotine exacerbating atherosclerosis showed that increased intracellular ROS caused macrophages pyroptosis, which is manifested by the assembly of NLRP3 inflammasome, the cleavage of caspase-1 and the increase of IL-1β, IL-18, and GSDMD production (Mao et al., 2021). The nuclear translocation of p65, a key protein of the NF pathway, promotes the nicotine-induced pyroptosis in macrophages. When p65 is silenced with siRNA, the nicotine-induced protein expression of cleaved Caspase1, IL-1β, IL-18 are decreased remarkably in RAW264.7 cells (Xu et al., 2021). Moreover, experimental data confirms that ox-LDL activates the NLRP3-mediated pyroptosis pathway in macrophages (Lin et al., 2020; Mu et al., 2020). Peng et al. reported that mitochondrial outer membrane protein NIX inhibits ox-LDL-induced macrophages pyroptosis by activating mitophagy. Mitophagy inhibits the activation of caspase-1 and the maturation of IL-1β in macrophages by maintaining mitochondrial membrane potential and mitigated ROS production (Peng et al., 2020). It suggests that when stimulated by atherosclerotic risk factors, mitochondria have a mechanism to maintain its own stability to resist pyroptosis. Existing research results suggest that, similar to ECs, ROS/NF-κB/NLRP3 axis and mitochondrial damage are critical for macrophages pyroptosis in atherosclerosis.
Fortunately, with the studies of pyroptosis in atherosclerosis, progress has been made in the development of macrophages pyroptosis-related treatment methods. Han et al. reported that low dose sinapic acid inhibited the pyroptosis of bone marrow-derived macrophages in diabetic atherosclerotic rats and reduced the contents of serum IL-1β. It was also proved that low dose sinapic acid inhibits pyroptosis of high glucose-OxLDL treated macrophages via down-regulating the lncRNA-metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) (Han et al., 2018). Piceatannol (PIC) is well-known as a cardioprotective drug. The latest research confirms that PIC up-regulates miR-200a and Nrf2 to inhibit macrophage pyroptosis and ultimately alleviate atherosclerosis (Mu et al., 2020). The study of bone marrow-derived mesenchymal stem cells microvesicles (BMSCs-MVs) on the treatment of atherosclerosis in mice showed that miR-223 inhibited macrophages pyroptosis by reducing the expression of NLRP3 (Lin et al., 2020). Non-coding RNA-dependent way will become the new treatment ideas of atherosclerosis.
Pyroptosis in Complications of Atherosclerosis
Thrombosis triggered by tissue factors produced by macrophages and SMCs in plaques is the most serious complication of atherosclerosis (Libby et al., 2019). Under physiological conditions, the arterial endothelium possesses numerous properties that prevent clot formation and promote thrombolysis (Gimbrone and García-Cardeña, 2016). When endothelial dysfunction and inflammation occur, the endothelium loses its antithrombotic function and even releases the potent procoagulant molecules (Bevilacqua et al., 1986). Based on this feature, it can be inferred that the inflammatory factors released by the pyroptosis of cells in the plaque and the destruction of blood vessels can promote thrombosis, but this needs to be confirmed by more research data.
Atherosclerotic plaque rupture is a common cause of thrombosis that leads to myocardial infarction (Bentzon et al., 2014). SMCs migrate from the media layer to the intima layer and produce extracellular matrix to form a fibrous cap, both of which are indispensable in the progression of atherosclerosis (Bennett et al., 2016b). The thickness of the fibrous cap determines the stability of the atherosclerotic plaque, while inflammation attenuates the fibrous cap. The death of SMCs and the breakdown of extracellular matrix will make the fibrous cap thinner, which will eventually lead to plaque rupture, causing serious complications (Figure 2C) (Bennett et al., 2016a). It has been reported in the early years that the number of cells containing ox-LDL in plaques is positively correlated with the susceptibility to SMCs death (Akishima et al., 2005). As a proinflammatory form of death, pyroptosis may increase the instability of plaques and degrade the fibrous cap. A study showed that only a low concentration of ox-LDL stimulation is sufficient to transform SMC into a proinflammatory phenotype, which express more inflammatory factors and less contractile proteins (Kiyan et al., 2014). Ox-LDL can induce SMC pyroptosis by activating the NLRP3 inflammasome. As a specific inhibitor of caspase-1, VX-765 inhibits the pyroptosis of SMCs and slows down the progression of established plaques without influencing lipoprotein levels in plasma (Li et al., 2020). Moreover, Pan et al. reported that ox-LDL induces the caspase-1-mediated pyroptosis in SMCs through AIM2 inflammasome (Pan et al., 2018). This study suggests that in addition to NLRP3, there are other inflammasomes activating the atherosclerotic SMCs pyroptosis pathway. In general, existing studies have shown that ox-LDL increases the risk of atherosclerotic plaque rupture by activating SMCs pyroptosis. However, more evidence is needed to clarify the relationship between SMCs pyroptosis and the prognosis of atherosclerosis.
CONCLUSION AND PERSPECTIVES
As a proinflammatory form of regulated cell death, pyroptosis plays an important role in the initiation, progression and complications of atherosclerosis that involves ECs, pro-inflammatory leukocyte and SMCs. Pyroptosis of ECs and the initiation of atherosclerosis exacerbate vascular endothelial damage and dysfunction by inducing the release of proinflammatory cytokines, such as IL-1β and IL-18. These cytokines can promote the migration of bound T lymphocytes and monocytes to early plaques (Libby et al., 2019). Pyroptosis of macrophages further releases cytokines and promotes the formation of foam cells. The SMCs in the medium can migrate to the inner membrane in response to the mediators produced by endothelial dysfunction and LDL accumulation. Pyroptosis of SMCs decreases the size of the fibrous cap by causing the loss of collagen and matrix, promoting plaque instability, and even plaque rupture (Figure 2).
Currently, there are still some limitations in the studies of pyroptosis in atherosclerosis. Firstly, most of the experimental work focuses on the ECs pyroptosis in the initiation of atherosclerosis. In the last two years, there have been more reports that the pyroptosis of macrophages and foam cells exacerbates the progression of atherosclerosis. But pyroptosis in SMC, which is an important factor affecting plaque stability, is relatively less reported. This may due to the difficulty of either establishing experimental models or identifying the source of cells in plaques. Fortunately, with the development of single-cell sequencing technology, various cells in plaques can be accurately located and identified, making it possible to establish experimental models for the distinguishing of the source of participant cells (Allahverdian et al., 2018; Wirka et al., 2019). Secondly, many studies still require further in vivo data to confirm the role of pyroptosis in atherosclerosis. Atherosclerosis is a complex pathological process involving multiple cells, so the results of a single type of cell in vitro can hardly explain the actual disease in vivo. Although some studies have used the model of ApoE mice, there are no reports that include clinical data. Compared with hard-to-obtain plaque tissue samples, detecting the level of pyrolysis-related molecules and the pyroptosis of leukocytes in the peripheral blood of patients it is a good starting point. Thirdly, the selection of inducers for the positive control group of pyroptosis in some studies is open to discussion. The combination of LPS and ATP is a common pyroptosis inducer, but LPS does not exist in the process of atherosclerosis without co-infection. Atherosclerotic risk factors such as ox-LDL are a more suitable for positive control. Furthermore, existing studies focus on the function of single protein or non-coding RNA, but rarely involve the complete signal pathway. This makes our understanding of pyroptosis in atherosclerosis tend to be fragmented. The ROS/NF-κB/NLRP3 axis speculated in this review is a feasible idea, and we hope that more hypotheses will be proposed.
In this review, we summarized the stimulators and drugs that promote/inhibit pyroptosis in atherosclerosis of related reports (Table 1). Ox-LDL, acrolein, TAMO, LPC, low shear stress, etc. are risk factors for atherosclerosis, among which Ox-LDL is the most critical. Due to the biological characteristics of atherosclerotic risk factors, the pyroptosis of cells in lesions mainly depends on the activation of NLRP3 inflammasome that detects DAMPs. Most of these studies on NLRP3-mediated pyroptosis in atherosclerosis focus on the detecting of pyroptosis, while ignoring the underlying mechanism which causes the activation of inflammasomes. Based on the analysis and summary of the existing reports, it is found that mitochondrial damage, intracellular ROS production and activation of NF-κB pathway are the potential mechanisms of pyroptosis in atherosclerosis. We speculate that the ROS/NF-κB/NLRP3 axis may play an important role in atherosclerosis-related pyroptosis, meanwhile TET2/SDHB may be a potential regulatory factor, further research will be of great significance. AIM2-related SMCs and macrophages pyroptosis promoting plaque formation in mice further indicates the complexity of the pyroptosis mechanism in the process of atherosclerosis. Future studies should focus on the regulatory mechanism of NLRP3-mediated pyroptosis and the possible role of other inflammasomes in atherosclerosis. In related mouse experiments, GSDMD knockout reduce necrotic core formation, suggesting the application value of GSDMD knockout animal model and the potential treatment of atherosclerosis by GSDMD inhibitors.
TABLE 1 | Mechanisms of drugs and stimulators regulating pyroptosis in the atherosclerosis. White: Positive factors of pyrotosis. Gray: Negative factors of pyrotosis.
[image: Table 1]Research on pyroptosis-related drugs shall provide new ideas for the treatment of atherosclerosis in the future. Traditional cardiovascular drugs such as PIC have been proven to alleviate atherosclerosis by suppressing pyroptosis. The role of some non-coding RNAs such as miR-223, miR-30–5p, and lncR-MALAT1 in pyroptosis has been revealed to provide new targets for the treatment of atherosclerosis. More in vivo studies and clinical trials are required to provide a basis for the development of pyroptosis targeted drugs.
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Diabetic neuropathy (DN) is one of the chronic complications of diabetes which can cause severe harm to patients. In order to determine the key genes and pathways related to the pathogenesis of DN, we downloaded the microarray data set GSE27382 from Gene Expression Omnibus (GEO) and adopted bioinformatics methods for comprehensive analysis, including functional enrichment, construction of PPI networks, central genes screening, TFs-target interaction analysis, and evaluation of immune infiltration characteristics. Finally, we examined quantitative real- time PCR (qPCR) to validate the expression of hub genes. A total of 318 differentially expressed genes (DEGs) were identified, among which 125 upregulated DEGs were enriched in the mitotic nuclear division, extracellular region, immunoglobulin receptor binding, and p53 signaling pathway, while 193 downregulated DEGs were enriched in ion transport, membrane, synapse, sodium channel activity, and retrograde endocannabinoid signaling. GSEA plots showed that condensed nuclear chromosome kinetochore were the most significant enriched gene set positively correlated with the DN group. Importantly, we identified five central genes (Birc5, Bub1, Cdk1, Ccnb2, and Ccnb1), and KEGG pathway analysis showed that the five hub genes were focused on progesterone-mediated oocyte maturation, cell cycle, and p53 signaling pathway. The proportion of immune cells from DN tissue and normal group showed significant individual differences. In DN samples, T cells CD4 memory resting and dendritic cells resting accounted for a higher proportion, and macrophage M2 accounted for a lower proportion. In addition, all five central genes showed consistent correlation with immune cell infiltration levels. qPCR showed the same expression trend of five central genes as in our analysis. Our research identified key genes related to differential genes and immune infiltration related to the pathogenesis of DN and provided new diagnostic and potential therapeutic targets for DN.
Keywords: bioinformatics analysis, immune infiltration, diabetic neuropathy, key biomarkers, sciatic nerve
INTRODUCTION
Diabetic neuropathy (DN) is one of the most common and serious chronic complications of diabetic mellitus (DM) (Barrett et al., 2017; Iqbal et al., 2018), which is characterized by pain, paresthesia, and sensory loss (Pinzur, 2011). It has been stated that DN impacts approximately 60–70% of diabetics (Tesfaye et al., 2010; Callaghan et al., 2012), and if it cannot be treated well, it would multiply the disability and mortality of diabetics (Davies et al., 2006; Smith et al., 2012). However, in addition to controlling blood glucose levels, no effective treatment have been found to prevent, slow, or reverse the progression of DN (Charnogursky et al., 2014). Therefore, identifying molecular biomarkers and exploring the underlying mechanisms of DN pathogenesis is vital for early diagnosis, prognosis, and personalized treatment of DN.
The principal pathological process of DN includes axonal degeneration and segmental demyelination (Vinik et al., 2000). Studies have identified persistently impaired insulin function and hyperglycemia to cause a series of downstream abnormalities that eventually lead to axon loss (Malik et al., 2001; Sima and Zhang, 2014). In addition, several biological pathways including oxidative stress, inflammation, apoptosis, and autophagy are also involved in the development of diabetic neuropathy (Fernyhough and McGavock, 2014; Roman-Pintos et al., 2016; Chung et al., 2018). However, the process is still controversial due to its complexity.
During the last decades, bioinformatics analysis has been extensively applied to analyze microarray data to identify differentially expressed genes (DEGs) and perform various analyses (Normand and Yanai, 2013; Servant et al., 2014). Integrating and reanalyzing these genomic data offer possibilities for identifying certain disease-related biomarkers. At present, a great deal of research has been conducted on the regulatory genes of DN (Guo et al., 2019; Zhou and Zhang, 2019; Jian and Yang, 2020). Comprehensive analysis of the expression profile data of these genes on the microarray platform will help us understand the pathogenesis more deeply and accurately. Selecting different high-throughput sequencing platforms and samples will cause differences in DEG identification results. In this study, we downloaded GSE27382 (Pande et al., 2011) gene chip from the Gene Expression Omnibus (GEO) database (Edgar et al., 2002) and screened DEGs of the sciatic nerve in DN model mouse and normal mouse to determine key biomarkers. Gene Ontology (GO) functional annotation analysis (Ashburner et al., 2000) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis (Wixon and Kell, 2000) were performed for the screened DEGs. The protein–protein interaction (PPI) network of DEGs was established by STRING (Szklarczyk et al., 2015) and visualized by Cytoscape software (Saito et al., 2012). We also constructed transcription factor (TF) regulation network (Han et al., 2018) and selected hub genes. Furthermore, we used the CIBERSORT algorithm (Chen et al., 2018) to predict the proportion of immune infiltration in sciatic nerve samples and analyzed the correlation between the hub gene and immune infiltration. At last, the mRNA expression levels of these five genes were verified by in vitro experimental analysis. Hopefully, our exploration is expected to provide novel clues for the diagnosis and potential therapeutic targets of DN.
MATERIALS AND METHODS
Microarray Data Information
Gene Expression Omnibus (GEO, http://www.ncbi.nlm.nih.gov/geo) is a public genomics data repository of massive high throughput gene expression data (Edgar et al., 2002). The GSE27382 dataset provided by Manjusha Pande et al. (Pande et al., 2011) included 6 DN model mouse sciatic nerve and 7 normal mouse sciatic nerve. They assessed the neuropathy of BKS db/db mouse (a genetic mouse with spontaneous type 2 diabetes) and prepared a model of DN. Heterozygous (db/+) mice do not develop diabetes and were used as no diabetic controls in experimental DN. Microarray technology was performed to compare RNA expression of mouse sciatic nerve. Affymetrix GeneChip Mouse Genome 430 2.0 Array (CDF: Mouse4302_Mm_ENTREZG.cdf version 12.0.0) was used as the platform.
Data Pre-Processing and DEG Identification
We used R software (version 3.6.3; https://www.r‐project.org/) and Bioconductor packages (http://www.bioconductor.org/) for data correction and analysis. The probe name in the MINiML file was translated into the gene symbol by the R package and saved as a TXT file. The standardized data matrix was analyzed using the limma R software package. | logFC (fold change) | > 2 and adjusted p-value < 0.05 were considered statistically significant, aiming at reducing the false positive rate. Then, we used TBtools software (Chen et al., 2020) (http://cj-chen.github.io/tbtools/) to visualize the raw data in TXT format and drawn cluster heat map and volcano plot.
GO and KEGG Pathway Enrichment Analyses
GO annotates and classifies gene sets through biological pathways (BP), cellular components (CC), and molecular function (MF), while KEGG hints biological pathways related to DEGs (Ashburner et al., 2000; Wixon and Kell, 2000). Gene set enrichment analysis (GSEA) is a computational method that determines whether there is a significant difference between two groups for a defined set of genes. The DAVID online database provides a comprehensive set of functional annotation tools for annotation, visualization, and integrated discovery to understand the biological meaning of genes and proteins. GO and KEGG analysis in the present study was performed using (DAVID, http://david.ncifcrf.gov) (version 6.8) and GSEA software (version 3.0). The cut-off criterion was set as p < 0.05 and gene counts ≥ 5 (Huang et al., 2007).
PPI Network Construction
The PPI network was established by a Search Tool for the Retrieval of Interacting Genes (STRING; http://string-db.org) (version 10.0) online database (Szklarczyk et al., 2015), and combined score > 0.4 was considered a significant interaction. Meanwhile, we applied Cytoscape software (https://cytoscape.org/) (version 3.6.1) to visualize the PPI network (Saito et al., 2012).
Module Analysis and CytoHubba Analysis
Molecular Complexity Detection (MCODE), a plugin in Cytoscape, identifies the most important modules in a PPI network based on nodes and scores (Anitha et al., 2016). MCODE scores > 5, degree cutoff = 2, node score cutoff = 0.2, K-core = 2, and Max depth = 100 were set as filtering parameters. Another plugin, CytoHubba (Chin et al., 2014), was used to screen out key subnets. We used the maximal clique centrality (MCC) algorithm to rank the nodes for network centrality and select the top 20 as candidate genes.
TF Regulation Prediction
TRRUSTv2 (http://www.grnpedia.org/trrust/) is a manually curated database of human and mouse transcriptional regulatory interactions. This database used a continuously improved sentence-based text mining algorithm, coupled with careful manual proofreading after mining, to ensure that the interaction between the TFs-targets in the database was experimentally verified (Han et al., 2018). Based on this online database, we found regulatory factors of DEGs and comprehensively analyzed the interaction between TF and its target genes. Then, we screened the target genes and TFs linked to target genes to build a co-expression network.
Screening for Hub Genes
The MCC algorithm of CytoHubba, MCODE scoring method, and key TF target genes were used to comprehensively screen the important hub genes among DEGs. We employed the web tool Venn diagram (http://bioinfogp.cnb.csic.es/tools/venny/) to obtain the common hub genes in three different experiments. Subsequently, the biological process analysis of hub genes was performed using Biological Networks Gene Ontology tool (BiNGO) (version 3.0.3) (Maere et al., 2005) plugin of Cytoscape, and we reanalyzed hub genes via KEGG pathway enrichment.
Determination of Immune Cell Landscapes
We use the bioinformatics algorithm CIBERSORT to calculate the proportion of 22 immune cells based on the gene expression profile. The 22 infiltrating immune cells include B cells, T cells, natural killer cells, macrophages, dendritic cells, and myeloid subsets (Edgar et al., 2002; Newman et al., 2015; Chen et al., 2018). The CIBERSORT analysis tool uses Monte Carlo sampling to obtain the P-value of the deconvolution of each sample to determine the confidence. At p < 0.05, the inferred CIBERSORT immune cell population score was accurate. We uploaded the standardized gene expression data set to the CIBERSORT Web site (http://cibersort.stanford.edu/), with the permutation parameter to 1,000, screened out samples with p < 0.05, calculated the percentage of each immune cell in the sample, analyzed the immune infiltration level of each immune cell between the two groups, and performed principal component analysis (PCA). The immune cell type fractions summed up to one. Finally, we used the Pearson method to analyze the relationship between immune cells and core gene expression.
qRT-PCR Assay of the Hub Genes
The RSC96 cell line was purchased from the Institute of Biochemistry and Cell Biology, CAS (Shanghai, China). The cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Grand Island, NY, United States) containing 10% FBS (Gibco), 100 mg/ml streptomycin and 100 U/ml penicillin (Biyuntian, China) at 37°C in a humidified 5% CO2 incubator (Thermo, Waltham, MA, United States). After the cells were fused to 70–80%, they were digested with 0.25% trypsin for subsequent experiments. The cells were divided into two groups: control group and model group. The glucose concentration in DMEM is 5.6 mM, which is considered normal glucose (Con), and 50 mM is considered high glucose (HG). The normal group was cultured at a concentration of 5.6 mM glucose. The glycotoxicity model group was first cultured under 5.6 mM glucose for 24 h, and then incubated with 50 mM glucose for 48 h. The equivalent concentration of mannitol was used as an osmotic control.
We extracted total RNA from two groups of cells using TRIzol reagent (Invitrogen, Thermo Fisher Scientific, Inc.). RNA samples from total RNA were reverse transcribed to cDNA, and qRT-PCR was carried out using the 7500 Real-Time PCR instrument (Applied Biosystems, United States). The expression levels of the selected genes were normalized against β-actin. The PCR primers used in this study are displayed in Table 1. Student’s t test was used for the statistical analysis, and p < 0.05 indicated a significant difference.
TABLE 1 | Primers used in qRT-PCR experiments.
[image: Table 1]RESULTS
Identification of DEGs
After normalizing the microarray results from GSE27382 (Figures 1A,B), we identified 318 DEGs including 125 upregulated genes (logFC > 0) and 193 downregulated genes (logFC < 0) after the comparison between 6 DN samples and 7 normal sciatic nerve samples. The identified DEGs were showed by volcano plot (Figure 1C), the top 30 upregulated and downregulated genes of the two expression groups were displayed in a heat map (Figure 1D).
[image: Figure 1]FIGURE 1 | Standardization of GSE27382. (A,B) The green bar represents the data before normalization, and the red bar represents the data after normalization. (C) Volcano plots of DEGs in GSE27382. Red plots represent the upregulated genes with logFC > 2 and adjusted p-value < 0.05. Green plots represent the downregulated genes with logFC < −2 and adjusted p-value < 0.05. Black plots represent the remaining genes with no significant difference. (D) Heat maps of DEGs display of the most significant top 50 upregulated and downregulated genes.
GO and KEGG Pathway Enrichment Analyses
We performed functional analysis of DEGs by the DAVID online software (Table 2). In the GO enrichment analysis, the upregulated DEGs in BP were mainly enriched in mitotic nuclear division, cell division, inflammatory response, cell cycle, chromosome segregation, and innate immune response, while the downregulated DEGs in BP were enriched in ion transport, transport, sodium ion transport, synaptic vesicle exocytosis, retinal ganglion cell axon guidance, and learning. CC analysis showed that the upregulated DEGs were significantly enriched in the extracellular region, extracellular space, condensed chromosome kinetochore, kinetochore, chromosome, centromeric region, and external side of plasma membrane, while the downregulated DEGs were enriched in the membrane, synapse, axon, neuronal cell body, perikaryon, and synaptic vesicle. As for MF, the upregulated DEGs were mainly focused on immunoglobulin receptor binding, serine-type endopeptidase activity, peptidase activity, calcium ion binding, serine-type peptidase activity, and peptide hormone binding, and downregulated DEGs were mainly focused on sodium channel activity, voltage-gated sodium channel activity, voltage-gated ion channel activity, clathrin binding, potassium channel regulator activity, and calcium ion binding. Additionally, KEGG pathway analysis results are displayed in Table 3. We discovered that upregulated DEGs were significantly enriched in p53 signaling pathway, complement and coagulation cascades, progesterone-mediated oocyte maturation, oocyte meiosis, neuroactive ligand-receptor interaction, and cell cycle, whereas downregulated DEGs were significantly enriched in retrograde endocannabinoid signaling, dopaminergic synapse, nicotine addiction, amyotrophic lateral sclerosis (ALS), synaptic vesicle cycle, and neuroactive ligand-receptor interaction.
TABLE 2 | Gene ontology enrichment analysis of differentially expressed genes.
[image: Table 2]TABLE 3 | Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of differentially expressed genes.
[image: Table 3]GSEA identified 1,204 GO terms and 26 KEGG terms in DN group and normal controls. GO analysis indicated that the condensed nuclear chromosome kinetochore, condensed nuclear chromosome, centromeric region, protein localization to kinetochore, regulation of attachment of spindle microtubules to kinetochore, and histone–serine phosphorylation were the most significantly enriched biological processes in DN group (Figure 2A). Most significant enriched pathway positively correlated with the DN group included fat digestion and absorption, homologous recombination, p53 signaling pathway, cell cycle, and viral protein interaction with cytokine and cytokine receptor (Figure 2B).
[image: Figure 2]FIGURE 2 | GSEA identified GO and KEGG pathways enriched in the DN group and normal controls. (A) GO analysis of the top five significantly enriched gene set in DN group. (B) KEGG analysis of the top five significantly enriched pathways in DN group.
PPI Network Analysis
We constructed a protein interactions network by the STRING online platform and extracted the proteins with a combined score > 0.4 for visualization by Cytoscape. A total of 247 DEGs from 318 candidate DEGs were contained into the network which included 247 nodes and 746 edges (Figure 3A). Among them, the red nodes represent 98 upregulated genes, and the blue nodes represent 149 downregulated genes. The remaining 71 DEGs do not interact with any other DEGs, so they are not included in the PPI network.
[image: Figure 3]FIGURE 3 | Protein–protein interaction network construction and analysis of differentially expressed genes. (A) Red nodes represent upregulated genes, and blue nodes represent downregulated genes. (B–D) Three significant modules with MCODE score > 5 and top 20 maximal clique centrality (MCC) protein nodes. Three modules extracted from the PPI network. Red nodes indicate upregulated DEGs and green nodes indicate downregulated DEGs. (E) Top 20 candidate genes with maximal clique centrality.
Module Analysis and CytoHubba Analysis
We analyzed the total nodes by the Cytoscape plugin MCODE and identified three significant modules with an MCODE score > 5 (Table 4). Module 1 contains 13 nodes and 77 edges (Figure 3B); Module 2 contains 10 nodes and 55 edges (Figure 3C); Module 3 contains 19 nodes and 54 edges (Figure 3D). The most significant Module A consisted of 13 nodes (Fam64a, Ccnb1, Cdk1, Bub1, Nuf2, Ccnb2, Spc25, Birc5, Cdca5, Nek2, Cdca3, Cep55, and Esco2). CytoHubba plugin was used to explore the important nodes and sub-networks in the network. The top 20 maximal clique centrality (MCC) protein nodes were selected as candidate genes. CytoHubba plugin was used to explore the pivotal nodes and sub-networks in the network. The top 20 maximal clique centrality (MCC) protein nodes were selected as candidate genes, including Agtr1b, Amph, Birc5, Bub1, Ccnb1, Ccnb2, Cdca3, Cdca5, Cdk1, Cep55, Esco2, Fam64a, Il7r, Nek2, Nuf2, Sh3gl2, Snap91, Spc25, Syt11, and Syt9 (Figure 3E).
TABLE 4 | Three most significant modules from the PPI networks with MCODE score > 5.
[image: Table 4]TF Regulatory Network Analysis
According to the TRRUSTv2 database, we calculated the TFs that regulate DEG and obtained TFs-target interaction information. A gene-TF regulatory network was constructed including 28 genes and 21 TFs, resulting in 55 recombination relationship pairs (Figure 4A). While Birc5 and Serpine1 were found to be regulated by 7 TFs; Dcstamp was regulated by 4 TFs, Cxcl2, and Hmga2 were regulated by 3 TFs; Ccnb2, Cdk1, Cldn11, F7, Mmp12, Nefl, Tesc, Ucp1 was regulated by 2 TFs.
[image: Figure 4]FIGURE 4 | Gene transcription factor and hub genes identified. (A) Gene transcription factor (TF) regulatory network. Green hexagons stand for the transcription factor and red nodes stands for DEGs. (B) Hub genes identified by Venn diagram. The blue circle represents the 13 significant genes generated by module analysis, the red circle represents the top 20 candidate genes obtained by the MCC algorithm, and the green circle represents the 28 target genes predicted by TFs. (C) GO analysis of the hub gene constructed using BiNGO. The color depth of the node refers to the corrected p-value of the ontology. The size of the node refers to the number of genes involved in the ontology. p < 0.01 is statistically significant.
Hub Gene Selection and Analysis
In the end, the 13 significant genes generated by module analysis, the top 20 candidate genes obtained by the MCC algorithm, and the 28 target genes predicted by TFs were applied to the overlap of Venn diagrams (Figure 4B). We identified five common genes from three groups, including Birc5, Bub1, Cdk1, Ccnb2, and Ccnb1. Therefore, these hub genes may serve as promising biomarkers of DN. The GO analysis of five hub genes using BiNGO is shown in Figure 4C, the KEGG pathway results showed that the hub genes were significantly enriched in progesterone-mediated oocyte maturation, cell cycle, p53 signaling pathway, and oocyte meiosis (Table 5).
TABLE 5 | Reanalysis hub genes via KEGG pathway enrichment analysis.
[image: Table 5]Determination of Immune Infiltration
According to the CIBERSORT algorithm, 13 samples including normal samples (n = 7) and DN samples (n = 6) all meet the requirements of CIBERSORTP < 0.05. We used R software to visualize the profile of immune infiltration of 13 sciatic nerve tissues (Figure 5). Figures 5A,B show the relative proportions and stratified clustering of the 22 immune cells in each sample. Among them, dendritic cells resting account for most of all infiltrating cells, especially in DN tissues. Figures 5C,D show the correlation between the 22 immune infiltrating cells in normal and DN groups. In normal samples, T cells follicular helper and T cells CD4 memory activated, T cells CD4 memory resting and NK cells resting, B cells naive and plasma cells, and macrophage M0 showed strong correlation. In DN samples, macrophages M2 and plasma cells, monocytes and T cells CD4 memory resting, and T cells CD8 all showed significant positive correlations. Figure 5E further analyzes the differences in immune cells between normal and DN samples. Obviously, the P values of T cells CD4 memory resting, T cells CD4 memory activated, T cells gamma delta, monocytes, macrophages M2, dendritic cells resting, and eosinophils are 0.016, 0.042, 0.018, 0.01, 0.003, 0.002, and 0.047, respectively. There are significant differences in the proportions of these seven immune cells. Compared with normal tissues, DN tissues contain a higher proportion of T cells CD4 memory resting and dendritic cells resting and a lower proportion of macrophage M2. Figure 5F used principal component analysis (PCA) to reveal the significant cluster bias clustering and individual differences of the 22 immune cells in the two groups of samples. The results showed that the expression level of the normal group and the DN group were clearly differentiated. In summary, these findings indicated that the difference in the expression of immune infiltration between the DN group and the normal group has important clinical significance.
[image: Figure 5]FIGURE 5 | Landscape of immune infiltration between DN samples and normal samples. (A) The bar plot represents the relative percentage of 22 immune cells in each sample. (B) Cluster heat map based on 22 immune cell proportions of normal samples and DN samples. Red indicates a high percentage of immune cells and blue indicates a low percentage of immune cells. (C,D) Correlation matrix of the proportion of immune cells in the normal and DN groups. Red indicates positive correlation and blue indicates negative correlation. (E) The difference in immune infiltration between the normal and DN samples (blue for the normal group and red for the DN group, p value < 0.05 was considered statistically significant. (F) Principal component analysis of normal and DN samples. (G) Correlation index analysis of hub genes expression and immune infiltration level. Red indicates positive correlation and blue indicates negative correlation.
Correlation Analysis of Hub Gene and Immune Infiltration
We investigated whether the expression of central genes in DN is related to immune infiltration. The results showed that all five central genes showed a consistent correlation with immune cell infiltration levels (Figure 5G). The expression of Hub gene was positively correlated with the infiltration level of T cells CD8, T cells CD4 naive, T cells CD4 memory resting, and monocytes, and had a large negative correlation with the infiltration level of dendritic cells resting. These results indicated that immune cell infiltration has an effect on DN progression, and Birc5, Bub1, Cdk1, Ccnb2, and Ccnb1 play an important role in DN immune infiltration.
qRT-PCR Assay of the Hub Genes
We detected the expression of these five genes at the mRNA level by qRT-PCR analysis. The results showed that the transcript levels of Birc5, Bub1, Cdk1, Ccnb1, and Ccnb2 were significantly higher in the glycotoxicity model group compared to the control group (Figure 6, p < 0.05), which is consistent with our above bioinformatics analysis results.
[image: Figure 6]FIGURE 6 | The mRNA levels for hub genes in glycotoxicity model and control group. (A–E) The transcript levels of Birc5, Bub1, Cdk1, Ccnb1 and Ccnb2 were significantly higher in the glycotoxicity model group compared to the control group. All experiments were repeated three times (n = 3). Mean ± SD., *p < 0.05, **p < 0.01.
DISCUSSION
Diabetes is regarded as a global threat to human health. According to the data from the International Diabetes Federation (IDF), by 2045, there will be approximately 700 million patients with diabetes (Saeedi et al., 2019). DN is the most insidious and long-term complication of diabetes, in addition to neuropathic symptoms, the secondary complications may lead to serious further morbidity including ulceration, fractures, amputations, and even death (Sung et al., 2012). Because of its complex pathophysiological pathway, there are currently no specific and efficient diagnostic methodologies and treatment strategies. Hence, it is greatly needed to excavate the DN‐related markers and therapeutic targets. RNA sequencing has been widely used in the research of endocrine and metabolic diseases (Wang et al., 2018; Backman et al., 2019). Studies have been conducted to analyze the protein markers of diabetic nephropathy (Caramori et al., 2015), diabetic retinopathy (Cui et al., 2018), diabetic encephalopathy (Song et al., 2017), and other complications using microarrays in diabetic patients or animal models. These explorations have achieved remarkable achievements and clinical benefits.
In this study, in order to investigate the change of expression profile in DN and reveal its biological process, the 13 samples from GSE27382 were selected to study the gene expression of the sciatic nerve. A total of 318 DEGs were identified between DN samples and normal sciatic nerve samples including 125 upregulated genes and 193 downregulated genes. Then, GO and KEGG pathways enrichment analyses of DEGs were performed. We constructed the PPI network and applied module and maximal clique centrality analysis. Furthermore, we predicted the TF-mediated transcriptional regulatory network and comprehensively filtered out five hub genes including Birc5, Bub1, Cdk1, Ccnb1, and Ccnb2. The qRT-PCR verification revealed that the relative transcription levels of these genes showed the same expression trends as in our bioinformatics analysis. Finally, using the CIBERSORT algorithm, we found that the proportion of immune infiltration in the DN and normal groups was different. In DN samples, T cells CD4 memory resting and dendritic cells resting accounted for a higher proportion, and macrophage M2 accounted for a lower proportion. The difference in DN immune spectrum may become a new target for immunotherapy.
Birc5, baculoviral IAP repeat-containing 5, is a member of the inhibitor of apoptosis (IAP) gene family, which encode negative regulatory proteins that prevent apoptotic cell death (Blanc-Brude et al., 2002). It is reported that BIRC5 can be involved in cell-cycle regulation and apoptosis by inhibiting caspase3. It is highly expressed during fetal development and in most tumors (Cheung et al., 2013). In our study, Birc5 is upregulated in the neural tissue of DN. We hypothesized that Birc5 may play an important role in the occurrence and development of DN through cell cycle and apoptosis pathways.
Bub1 encodes a serine/threonine–protein kinase that plays a central role in mitosis. BUB1 involved in several pathways and played different roles in them (Breit et al., 2015). In the cell-cycle pathway, Bub1, MPS1, Bub3, Mad2, and Cdc20 formed a mitotic checkpoint complex (MCC), which leads to the inhibition of APC/C (Shi et al., 2011). In progesterone-mediated oocyte maturation pathway, Bub1 is phosphorylated by target Rsk downstream of MAPK and inhibits the function of the checkpoint effector Cdc20/fizzy with the complex Mad1/2/3 (Zhang et al., 2017).
Cdk1, cyclin-dependent kinase 1. The protein encoded by this gene belongs to the Ser/Thr protein kinase family. It plays a key role in controlling the eukaryotic cell cycle by regulating the centrosome cycle and the onset of mitosis (Santamaría et al., 2007; Jones et al., 2018). By linking with multiple interphase cyclins, Cdk1 promotes the G2-M transition and regulates the G1 process and G1-S transition (Prevo et al., 2018). During cell proliferation, G2-M phase CDK1-mediated FOXO1 phosphorylation inhibits the interaction between FOXO1 and 14-3-3 protein, thereby promoting FOXO1 nuclear accumulation and transcription factor activity, resulting in neuronal cell death after mitosis (Yuan et al., 2008). At the same time, phosphorylation of CALD1 affects the migration of Schwann cells during peripheral nerve regeneration.
Both Ccnb1 (cyclin B1) and Ccnb2 (cyclin B2) are members of the cyclin family, precisely the b-type cyclin. It is essential to control the cell cycle during the G2/M (mitotic) transition (Huang et al., 2013). Currently, few studies have been conducted on CCNB1, CCNB2, and their roles in DN. Zhang et al. reported that db/db mice showed upregulation of CCNB2 at mRNA levels, suggesting that it may cause diabetic nephropathy by interfering with G2/M phages (Zhang et al., 2017).
In addition, our data revealed the details of the infiltration of the 22 immune cells in DN for the first time. The proportion of T cells CD4 memory resting and dendritic cells resting in the DN group was higher, while the proportion of macrophage M2 was lower. Studies have found that CD4 + memory T cells are associated with the onset of type 1 diabetes. Quantification of CD4 + memory T cells can be used as an immunomarker for the diagnosis of type 1 diabetes (Orban et al., 2014). Gao et al. indicated that in high blood sugar state, the number of dendritic cells in the cornea of mice decreased, resulting in a decrease of CNTF, which affected the regeneration of sensory nerves (Leppin et al., 2014). Studies have confirmed that direct contact between dendritic cells and basal nerve plexus triggered nerve fiber damage, resulting in diabetic polyneuropathy (Gao et al., 2016). Macrophage M2, also known as alternatively activated macrophage, can downregulate the immune response by secreting the inhibitory cytokine interleukin-10 (IL-10) or tumor growth factor-beta (TGF-β), etc., clearing apoptotic cells and reducing inflammation (Roszer, 2015). Experiments have confirmed that the macrophage phenotype of diabetic peripheral neuropathy sufferers was characterized by reduced production of pro-inflammatory chemokines MCP-1 and IL-10, and the lack of IL-10 and TGF-β will increase the risk of diabetic peripheral neuropathy (Alvarado-Vázquez et al., 2019). At the same time, we further confirmed the relationship between key genes and immune infiltration. The results showed that the relationship between the five hub genes and immune infiltration was consistent, and they had a strong relationship with T cells CD8, T cells CD4 naive, T cells CD4 memory resting, monocytes, and dendritic cells resting. The results demonstrated that key genes and immune infiltration may play important roles in the progression of DN.
In conclusion, we screened 318 DEGs related to DN based on the GEO database and then screened out five hub genes through a variety of bioinformatics methods. The expression levels of five hub genes were confirmed by qRT-PCR. In addition, the correlation analysis of 22 immune cell infiltrations in DN samples revealed that five hub genes may affect the progress of DN through various biological functions and pathways. This research helps to further understand the development mechanism of DN and provide new ideas for the discovery of DN drug targets. In the future, we need larger genetic data and experimental research to confirm the findings of this study.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary Material.
AUTHOR CONTRIBUTIONS
ZF and GS designed the study. YL analyzed the data for GEO data sets and drafted the manuscript. FW and LC modified the manuscript. All authors have read and approved the final version.
FUNDING
This study was supported by the National Natural Science Foundation of China (No. 81603574, No. 81774286), Key Research and Development Program of Anhui Province (No.S202104j07020013), Major Natural Science Research Projects of Colleges and Universities in Anhui Province (No. KJ2018ZD029), and the second batch of scientific research projects for the construction of the national traditional Chinese medicine clinical research base business (JDZX2015123).
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.682005/full#supplementary-material
REFERENCES
 Alvarado-Vázquez, P. A., Grosick, R. L., Moracho-Vilrriales, C., Ward, E., Threatt, T., and Romero-Sandoval, E. A. (2019). Cytokine Production Capabilities of Human Primary Monocyte-Derived Macrophages from Patients with Diabetes Mellitus Type 2 with and without Diabetic Peripheral Neuropathy. J. Pain Res. 12, 69–81. doi:10.2147/JPR.S186372
 Anitha, P., Anbarasu, A., and Ramaiah, S. (2016). Gene Network Analysis Reveals the Association of Important Functional Partners Involved in Antibiotic Resistance: A Report on an Important Pathogenic Bacterium staphylococcus Aureus. Gene 575 (2 Pt 1), 253–263. doi:10.1016/j.gene.2015.08.068
 Ashburner, M., Ball, C. A., Blake, J. A., Botstein, D., Butler, H., Cherry, J. M., et al. (2000). Gene Ontology: Tool for the Unification of Biology. Nat. Genet. 25 (1), 25–29. doi:10.1038/75556
 Backman, M., Flenkenthaler, F., Blutke, A., Dahlhoff, M., Ländström, E., Renner, S., et al. (2019). Multi-omics Insights into Functional Alterations of the Liver in Insulin-Deficient Diabetes Mellitus. Mol. Metab. 26, 30–44. doi:10.1016/j.molmet.2019.05.011
 Barrett, E. J., Liu, Z., Khamaisi, M., King, G. L., Klein, R., Klein, B. E. K., et al. (2017). Diabetic Microvascular Disease: An Endocrine Society Scientific Statement. J. Clin. Endocrinol. Metab. 102 (12), 4343–4410. doi:10.1210/jc.2017-01922
 Blanc-Brude, O. P., Yu, J., Simosa, H., Conte, M. S., Sessa, W. C., and Altieri, D. C. (2002). Inhibitor of Apoptosis Protein Survivin Regulates Vascular Injury. Nat. Med. 8 (9), 987–994. doi:10.1038/nm750
 Breit, C., Bange, T., Petrovic, A., Weir, R. J., Müller, F., Vogt, D., et al. (2015). Role of Intrinsic and Extrinsic Factors in the Regulation of the Mitotic Checkpoint Kinase Bub1. PLoS One 10 (12), e0144673. doi:10.1371/journal.pone.0144673
 Callaghan, B. C., Cheng, H. T., Stables, C. L., Smith, A. L., and Feldman, E. L. (2012). Diabetic Neuropathy: Clinical Manifestations and Current Treatments. Lancet Neurol. 11 (6), 521–534. doi:10.1016/s1474-4422(12)70065-0
 Caramori, M. L., Kim, Y., Goldfine, A. B., Moore, J. H., Rich, S. S., Mychaleckyj, J. C., et al. (2015). Differential Gene Expression in Diabetic Nephropathy in Individuals with Type 1 Diabetes. J. Clin. Endocrinol. Metab. 100 (6), E876–E882. doi:10.1210/jc.2014-4465
 Charnogursky, G., Lee, H., and Lopez, N. (2014). Diabetic Neuropathy. Handb Clin. Neurol. 120, 773–785. doi:10.1016/b978-0-7020-4087-0.00051-6
 Chen, B., Khodadoust, M. S., Liu, C. L., Newman, A. M., and Alizadeh, A. A. (2018). Profiling Tumor Infiltrating Immune Cells with Cibersort. Methods Mol. Biol. 1711, 243–259. doi:10.1007/978-1-4939-7493-1_12
 Chen, C., Chen, H., Zhang, Y., Thomas, H. R., Frank, M. H., He, Y., et al. (2020). Tbtools - an Integrative Toolkit Developed for Interactive Analyses of Big Biological Data. Mol. Plant 13, 1194–1202. doi:10.1016/j.molp.2020.06.009
 Cheung, C. H., Huang, C. C., Tsai, F. Y., Lee, J. Y., Cheng, S. M., Chang, Y. C., et al. (2013). Survivin - Biology and Potential as a Therapeutic Target in Oncology. Onco Targets Ther. 6, 1453–1462. doi:10.2147/OTT.S33374
 Chin, C.-H., Chen, S.-H., Wu, H.-H., Ho, C.-W., Ko, M.-T., and Lin, C.-Y. (2014). Cytohubba: Identifying Hub Objects and Sub-networks from Complex Interactome. BMC Syst. Biol. 8 (Suppl. 4), S11. doi:10.1186/1752-0509-8-s4-s11
 Chung, Y. C., Lim, J. H., Oh, H. M., Kim, H. W., Kim, M. Y., Kim, E. N., et al. (2018). Calcimimetic Restores Diabetic Peripheral Neuropathy by Ameliorating Apoptosis and Improving Autophagy. Cell Death Dis. 9 (12), 1163. doi:10.1038/s41419-018-1192-7
 Cui, Z., Zeng, Q., Guo, Y., et al. (2018). Integrated Bioinformatic Changes and Analysis of Retina with Time in Diabetic Rats. Peer J. 6, e4762. doi:10.7717/peerj.4762
 Davies, M., Brophy, S., Williams, R., and Taylor, A. (2006). The Prevalence, Severity, and Impact of Painful Diabetic Peripheral Neuropathy in Type 2 Diabetes. Diabetes Care 29 (7), 1518–1522. doi:10.2337/dc05-2228
 Edgar, R., Domrachev, M., and Lash, A. E. (2002). Gene Expression Omnibus: Ncbi Gene Expression and Hybridization Array Data Repository. Nucleic Acids Res. 30 (1), 207–210. doi:10.1093/nar/30.1.207
 Fernyhough, P., and McGavock, J. (2014). Mechanisms of Disease. Handb Clin. Neurol. 126, 353–377. doi:10.1016/b978-0-444-53480-4.00027-8
 Gao, N., Yan, C., Lee, P., Sun, H., and Yu, F.-S. (2016). Dendritic Cell Dysfunction and Diabetic Sensory Neuropathy in the Cornea. J. Clin. Invest. 126 (5), 1998–2011. doi:10.1172/jci85097
 Guo, K., Elzinga, S., Eid, S., Figueroa-Romero, C., Hinder, L. M., Pacut, C., et al. (2019). Genome-wide DNA Methylation Profiling of Human Diabetic Peripheral Neuropathy in Subjects with Type 2 Diabetes Mellitus. Epigenetics 14 (8), 766–779. doi:10.1080/15592294.2019.1615352
 Han, H., Cho, J.-W., Lee, S., Yun, A., Kim, H., Bae, D., et al. (2018). Trrust V2: An Expanded Reference Database of Human and Mouse Transcriptional Regulatory Interactions. Nucleic Acids Res. 46 (D1), D380–D386. doi:10.1093/nar/gkx1013
 Huang, D., Sherman, B. T., Tan, Q., Collins, J. R., Alvord, W. G., Roayaei, J., et al. (2007). The David Gene Functional Classification Tool: A Novel Biological Module-Centric Algorithm to Functionally Analyze Large Gene Lists. Genome Biol. 8 (9), R183. doi:10.1186/gb-2007-8-9-r183
 Huang, Y., Sramkoski, R. M., and Jacobberger, J. W. (2013). The Kinetics of G2 and M Transitions Regulated by B Cyclins. PLoS One 8 (12), e80861. doi:10.1371/journal.pone.0080861
 Iqbal, Z., Azmi, S., Yadav, R., Ferdousi, M., Kumar, M., Cuthbertson, D. J., et al. (2018). Diabetic Peripheral Neuropathy: Epidemiology, Diagnosis, and Pharmacotherapy. Clin. Ther. 40 (6), 828–849. doi:10.1016/j.clinthera.2018.04.001
 Jian, L., and Yang, G. (2020). Identification of Key Genes Involved in Diabetic Peripheral Neuropathy Progression and Associated with Pancreatic Cancer. Diabetes. Metab. Syndr. Obes. Vol. 13, 463–476. doi:10.2147/dmso.s235011
 Jones, M. C., Askari, J. A., Humphries, J. D., and Humphries, M. J. (2018). Cell Adhesion Is Regulated by Cdk1 during the Cell Cycle. J. Cel Biol. 217 (9), 3203–3218. doi:10.1083/jcb.201802088
 Leppin, K., Behrendt, A.-K., Reichard, M., Stachs, O., Guthoff, R. F., Baltrusch, S., et al. (2014). Diabetes Mellitus Leads to Accumulation of Dendritic Cells and Nerve Fiber Damage of the Subbasal Nerve Plexus in the Cornea. Invest. Ophthalmol. Vis. Sci. 55 (6), 3603–3615. doi:10.1167/iovs.14-14307
 Maere, S., Heymans, K., and Kuiper, M. (2005). BiNGO: a Cytoscape Plugin to Assess Overrepresentation of Gene Ontology Categories in Biological Networks. Bioinformatics 21 (16), 3448–3449. doi:10.1093/bioinformatics/bti551
 Malik, R. A., Veves, A., Walker, D., Siddique, I., Lye, R. H., Schady, W., et al. (2001). Sural Nerve Fibre Pathology in Diabetic Patients with Mild Neuropathy: Relationship to Pain, Quantitative Sensory Testing and Peripheral Nerve Electrophysiology. Acta Neuropathol. 101 (4), 367–374. doi:10.1007/s004010000287
 Newman, A. M., Liu, C. L., Green, M. R., Gentles, A. J., Feng, W., Xu, Y., et al. (2015). Robust Enumeration of Cell Subsets from Tissue Expression Profiles. Nat. Methods 12 (5), 453–457. doi:10.1038/nmeth.3337
 Normand, R., and Yanai, I. (2013). An Introduction to High-Throughput Sequencing Experiments: Design and Bioinformatics Analysis. Methods Mol. Biol. 1038, 1–26. doi:10.1007/978-1-62703-514-9_1
 Orban, T., Beam, C. A., Xu, P., Moore, K., Jiang, Q., Deng, J., et al. (2014). Reduction in Cd4 central Memory T-Cell Subset in Costimulation Modulator Abatacept-Treated Patients with Recent-Onset Type 1 Diabetes Is Associated with Slower C-Peptide Decline. Diabetes 63 (10), 3449–3457. doi:10.2337/db14-0047
 Pande, M., Hur, J., Hong, Y., Backus, C., Hayes, J. M., Oh, S. S., et al. (2011). Transcriptional Profiling of Diabetic Neuropathy in the Bks Db/db Mouse: A Model of Type 2 Diabetes. Diabetes 60 (7), 1981–1989. doi:10.2337/db10-1541
 Pinzur, M. S. (2011). Diabetic Peripheral Neuropathy. Foot Ankle Clin. 16 (2), 345–349. doi:10.1016/j.fcl.2011.01.002
 Prevo, R., Pirovano, G., Puliyadi, R., Herbert, K. J., Rodriguez-Berriguete, G., O’Docherty, A., et al. (2018). Cdk1 Inhibition Sensitizes normal Cells to DNA Damage in a Cell Cycle Dependent Manner. Cell Cycle 17 (12), 1513–1523. doi:10.1080/15384101.2018.1491236
 Roman-Pintos, L. M., Villegas-Rivera, G., Rodriguez-Carrizalez, A. D., Miranda-Díaz, A. G., and Cardona-Muñoz, E. G. (2016). Diabetic Polyneuropathy in Type 2 Diabetes Mellitus: Inflammation, Oxidative Stress, and Mitochondrial Function. J. Diabetes Res. 2016, 3425617. doi:10.1155/2016/3425617
 Roszer, T. (2015). Understanding the Mysterious M2 Macrophage through Activation Markers and Effector Mechanisms. Mediators Inflamm. 2015, 816460. doi:10.1155/2015/816460
 Saeedi, P., Petersohn, I., Salpea, P., Malanda, B., Karuranga, S., Unwin, N., et al. (2019). Global and Regional Diabetes Prevalence Estimates for 2019 and Projections for 2030 and 2045: Results from the International Diabetes Federation Diabetes Atlas, 9th Edition. Diabetes Res. Clin. Pract. 157, 107843. doi:10.1016/j.diabres.2019.107843
 Saito, R., Smoot, M. E., Ono, K., Ruscheinski, J., Wang, P.-L., Lotia, S., et al. (2012). A Travel Guide to Cytoscape Plugins. Nat. Methods 9 (11), 1069–1076. doi:10.1038/nmeth.2212
 Santamaría, D., Barrière, C., Cerqueira, A., Hunt, S., Tardy, C., Newton, K., et al. (2007). Cdk1 Is Sufficient to Drive the Mammalian Cell Cycle. Nature 448 (7155), 811–815. doi:10.1038/nature06046
 Servant, N., Romejon, J., Gestraud, P., Rosa, P. L., Lucotte, G., Lair, S., et al. (2014). Bioinformatics for Precision Medicine in Oncology: Principles and Application to the Shiva Clinical Trial. Front. Genet. 5, 152. doi:10.3389/fgene.2014.00152
 Shi, Q., Hu, M., Luo, M., Liu, Q., Jiang, F., Zhang, Y., et al. (2011). Reduced Expression of Mad2 and Bub1 Proteins Is Associated with Spontaneous Miscarriages. Mol. Hum. Reprod. 17 (1), 14–21. doi:10.1093/molehr/gaq065
 Sima, A. A. F., and Zhang, W. (2014). Mechanisms of Diabetic Neuropathy. Handb Clin. Neurol. 126, 429–442. doi:10.1016/b978-0-444-53480-4.00031-x
 Smith, S. C., Lamping, D. L., and Maclaine, G. D. H. (2012). Measuring Health-Related Quality of Life in Diabetic Peripheral Neuropathy: A Systematic Review. Diabetes Res. Clin. Pract. 96 (3), 261–270. doi:10.1016/j.diabres.2011.11.013
 Song, L., Zhuang, P., Lin, M., Kang, M., Liu, H., Zhang, Y., et al. (2017). Urine Metabonomics Reveals Early Biomarkers in Diabetic Cognitive Dysfunction. J. Proteome Res. 16 (9), 3180–3189. doi:10.1021/acs.jproteome.7b00168
 Sung, J.-Y., Park, S. B., Liu, Y.-T., Kwai, N., Arnold, R., Krishnan, A. V., et al. (2012). Progressive Axonal Dysfunction Precedes Development of Neuropathy in Type 2 Diabetes. Diabetes 61 (6), 1592–1598. doi:10.2337/db11-1509
 Szklarczyk, D., Franceschini, A., Wyder, S., Forslund, K., Heller, D., Huerta-Cepas, J., et al. (2015). String V10: Protein-Protein Interaction Networks, Integrated over the Tree of Life. Nucleic Acids Res. 43 (Database issue), D447–D452. doi:10.1093/nar/gku1003
 Tesfaye, S., Boulton, A. J. M., Dyck, P. J., Freeman, R., Horowitz, M., Kempler, P., et al. (2010). Diabetic Neuropathies: Update on Definitions, Diagnostic Criteria, Estimation of Severity, and Treatments. Diabetes Care 33 (10), 2285–2293. doi:10.2337/dc10-1303
 Vinik, A. I., Park, T. S., Stansberry, K. B., and Pittenger, G. L. (2000). Diabetic Neuropathies. Diabetologia 43 (8), 957–973. doi:10.1007/s001250051477
 Wang, N., Zhu, F., Chen, L., and Chen, K. (2018). Proteomics, Metabolomics and Metagenomics for Type 2 Diabetes and its Complications. Life Sci. 212, 194–202. doi:10.1016/j.lfs.2018.09.035
 Wixon, J., and Kell, D. (2000). The Kyoto Encyclopedia of Genes and Genomes-Kkegg. Yeast 17 (1), 48–55. doi:10.1002/(SICI)1097-0061(200004)17:1<48::AID-YEA2>3.0.CO;2-H
 Yuan, Z., Becker, E. B. E., Merlo, P., Yamada, T., DiBacco, S., Konishi, Y., et al. (2008). Activation of Foxo1 by Cdk1 in Cycling Cells and Postmitotic Neurons. Science 319 (5870), 1665–1668. doi:10.1126/science.1152337
 Zhang, G., Kruse, T., Lopez-Mendez, B., Sylvestersen, K. B., Garvanska, D. H., Schopper, S., et al. (2017). Bub1 Positions Mad1 Close to Knl1 Melt Repeats to Promote Checkpoint Signalling. Nat. Commun. 8, 15822. doi:10.1038/ncomms15822
 Zhang, H., Zhao, T., Li, Z., Yan, M., Zhao, H., Zhu, B., et al. (2017). Transcriptional Profile of Kidney from Type 2 Diabetic Db/db Mice. J. Diabetes Res. 2017, 8391253. doi:10.1155/2017/8391253
 Zhou, H., and Zhang, W. (2019). Gene Expression Profiling Reveals Candidate Biomarkers and Probable Molecular Mechanism in Diabetic Peripheral Neuropathy. Diabetes. Metab. Syndr. Obes. 12, 1213–1223. doi:10.2147/dmso.s209118
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Lin, Wang, Cheng, Fang and Shen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 26 May 2021
doi: 10.3389/fphar.2021.650425


[image: image2]
The Therapeutic Effect of Traditional Chinese Medicine on Inflammatory Diseases Caused by Virus, Especially on Those Caused by COVID-19
Peng Li1†, Shuang Hu2,3†, Cheng Qian4†, Yan Yao2,3†, Liang-yun Li2,3, Jun-fa Yang2,3, Li Yang2,3, Chen-chen Yang2,3, Hong Zhou2,3, Shu-xian Wang2,3, Ying Hu2,3, Xing-yu Zhu5, Jing Zhou2,3, Lin-xin Pan6, Chuan-pu Shen2,3* and Huan Zhou5*
1The First Affiliated Hospital of Medical University of Anhui, Hefei, China
2School of Pharmacy, Anhui Key Laboratory of Bioactivity of Natural Products, Anhui Medical University, Hefei, China
3Institute for Liver Diseases of Anhui Medical University, Anhui Medical University, Hefei, China
4Center for Scientific Research, Anhui Medical University, Hefei, China
5National Drug Clinical Trial Institution, The First Affiliated Hospital of Bengbu Medical College, Hefei, China
6School of Life Sciences, Anhui Medical University, Hefei, China
Edited by:
Jian Gao, Second Affiliated Hospital of Dalian Medical University, China
Reviewed by:
Xiangjiang Lin, Ludwig Maximilian University of Munich, Germany
Kaiyuan Niu, Queen Mary University of London, United Kingdom
* Correspondence: Chuan-pu Shen, scp1001@126.com; Huan Zhou, zhhuanbest@163.com
†These authors have contributed equally to this work
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 07 January 2021
Accepted: 29 March 2021
Published: 26 May 2021
Citation: Li P, Hu S, Qian C, Yao Y, Li L-y, Yang J-f, Yang L, Yang C-c, Zhou H, Wang S-x, Hu Y, Zhu X-y, Zhou J, Pan L-x, Shen C-p and Zhou H (2021) The Therapeutic Effect of Traditional Chinese Medicine on Inflammatory Diseases Caused by Virus, Especially on Those Caused by COVID-19. Front. Pharmacol. 12:650425. doi: 10.3389/fphar.2021.650425

Inflammasomes are large multimolecular complexes best recognized because of their ability to control activation of caspase-1, which in turn regulates the maturation of interleukin-18 (IL-18) and interleukin-1 β (IL-1β). IL-1β was originally identified as a pro-inflammatory cytokine, capable of inducing local and systemic inflammation as well as a fever response reaction in response to infection or injury. Excessive production of IL-1β is related to inflammatory and autoimmune diseases. Both coronavirus disease 2019 (COVID-19) and severe acute respiratory syndrome (SARS) are characterized by excessive inflammatory response. For SARS, there is no correlation between viral load and worsening symptoms. However, there is no specific medicine which is available to treat the disease. As an important part of medical practice, TCM showed an obvious therapeutic effect in SARS-CoV-infected patients. In this article, we summarize the current applications of TCM in the treatment of COVID-19 patients. Herein, we also offer an insight into the underlying mechanisms of the therapeutic effects of TCM, as well as introduce new naturally occurring compounds with anti-coronavirus activity, in order to provide a new and potential drug development strategy for the treatment of COVID-19.
Keywords: COVID-19, TCM, inflammatory reaction, TCM formulation, therapeutic targets
INTRODUCTION
Viruses cause a wide range of human diseases, ranging from acute self-healing conditions to acute fatal diseases. Effects that appear long after the primary infection may also increase the incidence of chronic diseases or lead to the development of cancer [25366544. Coronaviruses belong to the subfamily Orthocoronavirinae of the coronavirus family (Nidovirales) and mainly cause respiratory and gastrointestinal infections (Xie and Chen, 2020), such as HCoV-OC43, HCoV-NL63, HCoV-229E, HCoV-HKU1, severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), and the new 2019 coronavirus (SARS-CoV-2/2019-nCoV) (Figure 1) (Xu et al., 2020). Coronaviruses are spherical or other shaped particles of about 100 nm. The genome length is about 30 kb, which is the largest among the known RNA virus genomes. There are different corona-like spikes on the outer envelope of these viruses, similar in shape to a crown. Therefore, these are known as coronaviruses. SARS-CoV-2 is a β-coronavirus. It is a non-segmented single positive-stranded RNA virus. According to the genome structure, the homology between the SARS-CoV-2 and SARS genome is about 79.5%, which is a precise and rapid gene. Mutation detection can provide an important basis for the screening of antiviral drugs. Structurally, according to genome sequencing, 2019-nCoV is approximately 89% identical to bat SARS-like-CoVZXC21, approximately 82% identical to human SARS-CoV, and approximately 50% identical to MERS-CoV (Dong et al., 2020; Wang et al., 2020c). Coronavirus particles mainly contain four structural proteins, namely the larger spike protein (spike, S), the most abundant viral envelope protein (membrane, M), small envelope protein (envelope, E), and phosphorylated nucleoprotein (nucleocapsid, N), in which the trimeric S glycoprotein mediates the connection between the virus and the host receptor. In addition, the S protein also plays an important role in the host tropism and virulence of the virus, so the S protein becomes the most researched target for related vaccines. As of April 5, 2020, the pandemic has accumulatively caused 1,189,773 confirmed cases and 65,428 deaths globally. The World Health Organization (WHO) is deeply concerned about the unprecedented swift global spread and severity of the epidemic in the world (Xie and Chen, 2020). Hence, WHO declared that COVID-19 can be characterized as a pandemic.
[image: Figure 1]FIGURE 1 | The virus structure of SARS-CoV-2 and its organ damage. It was found that in the 52 COVID-19 patients, the incidence of heart injury was 33% (abnormal LDH or creatine kinase), liver injury was 29% (any abnormality in AST, ALT, GGT, or ALP), pancreatic injury was 17%, renal injury was 8% (abnormal creatinine), and diarrhea was 2%.
Traditional Chinese medicine (TCM) has been established for thousands of years in China’s medical system (Chen et al., 2020b). It has the characteristics of overall vision, syndrome differentiation, and treatment, and has unique advantages in the prevention, treatment, rehabilitation, and health care of various diseases (Liang et al., 2020). At the same time, TCM plays a vital role in enhancing the function of the main active components and reducing their toxicity through cooperative mechanisms (Hu et al., 2019). In addition, more and more evidence has showed that TCM and its effective components can treat many diseases through a variety of targets (Long et al., 2020), such as pulmonary disease (Zeng et al., 2020), liver diseases (Balkrishna et al., 2020), heart diseases (Chuang et al., 2020), renal diseases (Zhang et al., 2020a), and so on. Meanwhile, the application of TCM in COVID-19 was largely inspired by the treatment of SARS, which was caused by an outbreak of SARS-CoV in Guangdong Province, China. The disease spread rapidly in 2003, and the cumulative number exceeded 8,000 globally (Watkins et al., 1993; Peiris et al., 2004). Of note, TCM also played a significant and credible role in the study of COVID-19 prevention and treatment. Generally speaking, the development of COVID-19 can be divided into three stages: mild, severe/critically severe, and convalescent, forming a complete chain. The team of Xiaolin Tong found that the treatment of COVID-19 with TCM did not aggravate the condition of mild patients, the mortality rate of severe/critically severe patients was reduced by more than 80%, and the rate of symptom improvement in rehabilitation patients was also low (Chen et al., 2020a; Song et al., 2020). Thus, this evidence revealed the safety and effectiveness of TCM in the treatment of COVID-19 patients. In this review, we analyzed data associated with exploring the effectiveness and possible mechanism of action of TCM formulas to prevent and treat COVID-19.
OVERVIEW OF VIRUS-INDUCED INFLAMMATORY DISEASE—FOCUS ON COVID-19
In the process of coronavirus infection, inflammatory cytokines have a dual role: on the one hand, they can effectively stimulate the activation of the immune response and enable the body to actively fight foreign viruses; on the other hand, they can mediate and amplify the development of systemic inflammation. It leads to an imbalance of immune function and cytokine storm, but this reaction is not only ineffective to pathogens, but also harmful to the body, and eventually leads to acute respiratory distress syndrome (ARDS), and may lead to the death of patients.
When pattern recognition receptors [PRRs; for example, toll-like receptors (TLRs) and RIG-I-like receptors (RLRs)] are expressed on immune and non-immune cell types resident in tissues, invasive pathogens induce acute inflammation [32156572. PRR connection triggers innate immune response, induces inflammation and antiviral gene expression, limits pathogen growth, activates adaptive immune response, and finally solves infection [26035247. Essentially, the ideal inflammatory response must show a balance, that is, once the threat is controlled, it can be appropriately activated against actual threats and self-limiting behaviors (Chen et al., 2020a). Although it has important significance in maintaining homeostasis in normal tissues and limiting pathogen-related diseases, little is known about the regulatory mechanism of this balance.
The coronavirus family consists of several zoonotic viruses that cause several serious human diseases, including MERS and SARS. At the end of 2019, a novel coronavirus outbreak caused by SARS-CoV-2, resulted in a human disease which was designated by the WHO as COVID-19 (Hanley et al., 2020). Up to now, more than two million people around the world have tested positive for COVID-19, of which more than 200,000 have died of the virus. It is estimated that 15% of patients who were diagnosed with COVID-19 will have serious health complications, while due to the severity of symptoms and high risk of death, about 5–10% of patients need intensive care (3–5%) (Esteves et al., 2020; Gupta et al., 2020). Generally speaking, typical symptoms of COVID-19 include dry cough, dyspnea, fever, fatigue, myalgia, and pneumonia. In most severe cases, complications can occur, such as acute respiratory distress syndrome, which eventually leads to death (Burgueño et al., 2020). SARS-CoV-2 can cause COVID-19 to enter human cells through binding the spike protein and membrane to the aminopeptidase angiotensin-converting enzyme 2 (ACE2) (Kessler and Schunkert, 2020). Meanwhile, more and more evidence shows that inflammatory responses play a vital role in the process of COVID-19. The rapid viral replication and cell destruction of SARS-CoV-2 can recruit monocytes and macrophages, and induce the release of chemokines and cytokines. The SARS-CoV-2 virus and the SARS-CoV-1 coronavirus share many characteristics in common, the latter of which caused a pandemic in 2002–2003 (Sriram and Insel, 2020). Common features include about 80% of the common sequence identity in the virus genome, the infected tissue range, the mortality rate of ARDS, and its cell receptor ACE2 (Zhou et al., 2020a; Zhou et al., 2020b). Meanwhile, this mechanism subsequently leads to a massive influx of neutrophils and monocytes/macrophages, leading to the massive production of pro-inflammatory cytokines, which can destroy lung tissue (i.e., acute respiratory distress syndrome, pneumonia). Specific Th1/Th17 cells may be activated and cause increased inflammation [32417709]. On account of their structural similarity, information associated to SARS-CoV-1 helps to establish hypotheses for the treatment of SARS-CoV-2, which including the re-approval of pharmacology for use in humans. Given the remarkable success of TCM in preventing SARS-CoV-1, TCM may become a key measure to prevent and treat COVID-19 (Figure 2).
[image: Figure 2]FIGURE 2 | Possible life cycle of SARS-CoV-2 and potential intervention strategy.
CONVENTIONAL TREATMENT OF TCM IN SARS-COV PATIENTS
Coronavirus (CoV) belongs to an enveloped positive strand RNA virus in the coronaviridae family (Di Mascio et al., 2020). In the past two decades, CoV has caused two pandemics: SARS infected 8,098 people, with a mortality rate of about 10.5%. MERS infected 2,519 laboratory confirmed cases, with a mortality rate of 34.4% (Gordon et al., 2020). At present, the treatment of SARS and MERS in modern medical clinics includes oxygen inhalation, serotherapy, and antiviral and anti-inflammatory treatment. However, coronavirus-specific antiviral drugs have not yet entered clinical trials, and there are some obvious side effects. At this point, the focus is on compounds with broad antiviral activity and medicine developed for other therapeutic purposes, which also have anti-coronavirus effects.
Related TCM research shows that pulmonary interstitial lesions can be treated according to the principle of removing blood stasis and promoting blood circulation, and can be treated with ligustrazine injection, angelica, and other drugs (Xiao et al., 2003). During the outbreak of SARS in 2003, the State Administration of TCM and the Ministry of Health of the Republic of China announced six prescriptions of TCM to prevent SARS infection. It is worth mentioning that yiyiren, jiegeng, huangqi, baijiang, and gancao played an important role and acquired prominent effects at that time [16437747. On the other hand, Wen et al. confirmed that six phytoextracts from ciwujia, longdan, shuyu, juemingzi, and sangjisheng could confer effective anti-SARS-CoV activity by inhibiting SARS-CoV replication. Two compounds from gouji (designated as CBE and CBM) also inhibited the 3-Chymotrypsin-like protease (3CLpro) of SARS-CoV (Carroll and Fischer, 1997; Wen et al., 2011).
On the other hand, the clinical benefits of TCM seem to be supported by laboratory research to prevent COVID-19. Xi et al. found that in the recovery stage, banxia, and chenpi were only identified in the list of commonly used herbs, in which patients may have white and thin sputum after recovery. Banxia and chenpi are the main ingredients of the herbal formula Erchen decoction, which is usually used to remove phlegm dampness (Xi and Gong, 2017). Of note, glycyrrhizin, the most effective active component of TCM, effectively inhibits the replication of SARS virus clinical isolates, according to a compelling study published in the Lancet (Cinatl et al., 2003). It serves as one of the antiviral herbal treatments approved by the China Food and Drug Administration (SFDA). Many studies have found that these herbal remedies could inhibit the attachment, entry, and replication of viruses that have previously been used against COVID-19 (Chen et al., 2004; Ang et al., 2020) (Figure 3).
[image: Figure 3]FIGURE 3 | The main therapeutic target to treat COVID-19 (target ACE2 strategy, SARS-Nsp13, 3CLpro, inflammatory responses, and organ damage).
THE ANTI-NOVEL CORONAVIRAL COMPOUND FROM TCM—ANTI-INFLAMMATORY RESPONSES
Natural products derived from TCM are still a rich source of new therapies to treat various diseases. Scientists have made great efforts to identify herbal formulations of various ingredients in TCM with anti-SARS-CoV activity. Simultaneously, although the mechanism of action has not been elucidated, various TCM anti-coronavirus preparations have been identified from TCM. Moreover, Luo et al. studied a total of 26 COVID-19 treatment protocols issued in Chinese provinces and cities and 8 core compatibility and 10 new prescriptions to prevent and treat COVID-19 were identified and proposed. Among them, the most commonly used TCM are gancao, huangqin, kuxingren, jinyinhua, lianqiao, and other antipyretic, cough, and phlegm, as well as dehumidification herbs. Most of these TCM have anti-inflammatory, anti-viral, immune regulation, anti-tumor, anti-pyretic and anti-spasmodic, and anti-asthmatic effects (Fan et al., 2020). In the following, we summarized some compounds extracted from TCM that have a certain prevention effect on COVID-19, in order to meet the challenge of conventional treatment of TCM in SARS-CoV patients followed by corresponding potential solutions.
Single Active Component From TCM–Single Targets Therapy
Flavonoids
Baicalin is the biologically active form of huangqin, and the major bioactive ingredient of which is flavonoid (Zhao et al., 2020). Su et al. found that the main components of huangqini are baicalin and baicalein, and they are novel inhibitors of the COVID-19 3CL protease, which can effectively inhibit the replication of COVID-19 at the cellular level. Moreover, combined with cytotoxicity and viral replication inhibitory activity, baicalein’s cellular antiviral effect of flavonoids is better than most reported compounds. Baicalin tablets have been used as adjuvant treatment for acute, chronic, or persistent hepatitis in China, and baicalein has completed the first phase of clinical trials, and is currently in the second phase of clinical trials against influenza-related symptoms; one decoction was used to treat a new coronavirus infection. The patient’s Chinese medicine or Chinese patent medicine (such as Qingfei Paidu decoction and Shuanghuanglian oral liquid) also contained huangqin (Islam et al., 2020). Of note, ACE2 is the receptor of coronavirus SARS-CoV-2, TCM with the ability of targeting ACE2 is expected to prevent the infection of SARS-CoV-2 [32333601. Deng et al. found that the interaction of the SARS-CoV S protein and ACE2 could be markedly inhibited by baicalin (Deng et al., 2012). But the anti-SARS-CoV activity of these compounds remains to be evaluated.
Quercetin is a plant-derived flavonoid abundant in gegen. Related research exhibited that quercetin could inhibit the proliferation and metastasis of some lung diseases (da Silva Araújo et al., 2020; Dong et al., 2020). Epigallocatechin gallate and gallocatechin gallate (GCG), have various biological activities, for instance anti-obesity, anti-bacterial, anti-cancer, anti-oxidative, and cholesterol and triacylglycerol-lowering activity (Wu et al., 2019). Of note, 3-Chymotrypsin-like protease (3CLpro) is of critical importance in virus replication, so it is often a medicine target for the development and treatment of COVID-19 (Zhang et al., 2020b). The results revealed that the purified 3CLpro was used for the inhibition and kinetic analysis of seven kinds of flavonoids, and quercetin displayed a fine inhibitory effect on 3CLpro with an IC50 value of 73 μM (Nguyen et al., 2012). What is more, GCG was the best inhibitor of 3CLpro in vitro. The relationship between the structure and inhibitory activity of the seven flavonoids was also studied. GCG revealed many hydrophobic and H-bond interactions of amino acid residues in the active site pocket of 3CLpro (Nguyen et al., 2012).
Herbacetin was extracted from jinjingcao (Li et al., 2019). Like other flavonoids, oxalin and its derivatives have nonspecific effects on membrane structure and enzyme activities associated with the occurrence and development of cancer (Péter Zomborszki et al., 2019). Rhoifolin is one of the main flavonoids derived from chenpi, which has antioxidant and antihypertensive effects (Liao et al., 2019). Pectolinarin, a major flavonoid, was identified as an active compound in daji (Wang et al., 2019). Interestingly, Jo et al. established a flavonoid library and systematically studied the inhibitory compounds of SARS-CoV 3CLpro by the FRET method. Results showed that herbicin, rhifofolin, and pectolinarin were the best choices. The combination of the flavonoids was independently proven by a fluorescence method based on tryptophan. In addition, it is expected that the presence of the additional 8-hydroxyl group of gloxopterin will achieve high binding affinity near the S1 and S2 sites. It is predicted that the carbohydrate groups of pectolinarin and rhoifolin occupy S1 and S2 sites, which is another way that glycosylated flavonoids have a high affinity for SARS-CoV 3CLpro (Jo et al., 2020). This study indicated that the combination of biochemical analysis and docking prediction may help develop better inhibitory flavonoid derivatives from various flavonoid scaffolds.
Myricetin is a natural flavonoid rich in zhongyao. It can exert anti-inflammatory, anti-oxidant, and anti-cancer effects (Kang et al., 2020). Scutellarein is a flavone present in huangqin which can exert a higher bioavailability compared with scutellarin (Li et al., 2020c). Helicase protein is also served as a potential target for the development of anti-HCoV (human coronavirus) preparations. Helicase SARS-CoV Nsp13 (SARS-Nsp13) plays a critical role in catalyzing the melting of double-stranded oligonucleotides into single-strands in an NTP-dependent manner. Importantly, SARS-Nsp13 has been identified as an ideal target for the development of anti-viral drugs because of its sequence conservation and indispensability in all CoV species (Jia et al., 2019). Yu et al. suggested that myricetin and scutellarein can effectively inhibit the SARS-CoV helicase protein in vitro via affecting the ATPase activity instead of relaxing nsP13 activity. Additionally, myricetin and scutellarein show good safety for the lungs because they have no cytotoxic activity against normal breast epithelial MCF10A cells (Yu et al., 2012). Thus, this study demonstrates for the first time that selected naturally occurring flavonoids, including myricetin and scultellarein may be chemical inhibitors of SARS-CoV.
On the other hand, MERS-CoV is a zoonotic virus that spreads between humans and animals. It leads to high mortality from MERS. Jo et al. used the flavonoid library to detect inhibitory compounds against MERS-CoV 3CLpro. As a result, it has been found that isobavachalcone, helichrysetin, herbacetin, and helichrysetin block the enzymatic activity of MERS‐CoV 3CLpro, and these activities have also been independently confirmed by a fluorescence method based on tryptophan. Furthermore, the induced‐fit docking analysis showed that S1 and S2 sites play a role in the interaction with flavonoids. The experimental and computational studies have shown that flavonol and chalcone are ideal scaffolds for binding to the catalytic site of MERS-CoV 3CLpro. We also infer that certain flavonoid derivatives with hydrophobic or carbohydrate moieties possess good inhibitory effects (Jo et al., 2019). Therefore, flavonoids with these properties can be used as templates for the development of effective MERS-CoV 3CLpro inhibitors.
Terpenoids
Ginsenoside-Rb1 is the major active ingredient from renshen, which has been demonstrated to cause a wide range of biological activities, possibly through anti-stress, anti-oxidative, anti-inflammatory, anti-apoptosis, and anti-depressive effects in vivo and in vitro (Shi et al., 2020). Wu et al. conducted a large-scale screening of existing drugs, natural products, and synthetic compounds (>10,000 compounds) to identify effective anti-SARS-CoV drugs by a cell-based assay of SARS virus and Vero E6 cells. They revealed that ginsenoside-Rb1 could inhibit SARS-CoV replication at non-toxic concentrations (Wu et al., 2004). Saikosaponins was the major triterpenoid saponins derived from chaihu with valuable pharmacological activities. These active components have several immunomodulatory functions, including anti-inflammatory, anti-bacterial, antiviral, and anticancer effects (Sinha et al., 2020). Cheng et al. found that saikosaponins had an effective which can inhibit the viral cellular entry, adsorption, and penetration (Wu et al., 2004).
Glycosides
Tetra-O-galloyl-β-D-glucose (TGG) from wubeizi, is composed of six galloyl moieties in the glucose core, which strongly inhibits pancreatic lipase activity and adipocyte differentiation in 3T3-L1 cells (Ihn et al., 2019). Yi et al. identified the anti-SARS-CoV activities of TGG, which were confirmed through using a wild-type SARS-CoV infection system. TGG showed significant anti-SARS-CoV activity, the effective concentration was 50%, the concentration was 4.5 μM, and the selective index was 240.0. Additionally, TGG could inhibit the interaction of the SARS-CoV S protein and ACE2 (Yi et al., 2004). Therefore, TGG was potentially useful for the drugs inhibiting SARS.
Anthraquinone
Emodin, from the genus dahuang, is the main active ingredient of rhubarb. It is an anthraquinone, which displayed various biological effects, such as antibacterial, anti-inflammatory, and anti-viral activities (Li et al., 2020b). Ho et al. found that emodin significantly blocked the interaction between the S protein and ACE2 in a dose-dependent manner. It also inhibited the infectivity of S protein-pseudotyped retrovirus to Vero E6 cells (Ho et al., 2007). In addition, it has previously been shown that the open reading frame 3a of SARS-CoV forms a cation-selective channel, which can be expressed in infected cells and then participated in virus release. It is expected to inhibit viral release to inhibit the ion channels formed by the 3a protein of drugs. Emodin has been shown to inhibit the 3a ion channel of coronavirus HCoV-OC43 and SARS-CoV and the viral release of HCoV-OC43, and its K1/2 value is about 20 μM (Schwarz et al., 2011). These findings indicated that emodin may be considered as a potential main therapeutic agent for SARS (Table 1).
TABLE 1 | TCM herbal extracts or TCM-derived compounds with anti-HCoV activity.
[image: Table 1]Multi-Components From TCM—Multiple Targets Therapy
Banlangen
Banlangen is a kind of common Chinese medicine to treat colds. It has long been used as a TCM for colds, fever, and influenza, especially for the treatment of SARS and H1N1-influenza (Cao et al., 2019). Previous phytochemical research of banlangen have led to the isolation of many natural components, including indirubin, indigo, indican (indoxyl--d-glucoside), -sitosterol, -sitosterol, and sinigrin, etc. (Xi et al., 2020). Lin et al. confirmed that cleavage assays with 3CLpro showed that the IC50 values of banlangen extract, indigo, sinigrin, aloe emodin, and hesperetin are in the micromolar range. In the cell-based assay, sinigrin (IC50: 217 μM) was more effective than indigo (IC50: 752 μM) and beta-sitosterol (IC50: 1210 μM) in blocking the cleavage processing of 3CLpro. In the cell-based assay, there were only two phenolic compounds, aloe emodin, and hesperetin, that could dose-dependently inhibit the cleavage activity of 3CLpro, in which the IC50 was 366 μM for aloe emodin and 8.3 μM for hesperetin (Lin et al., 2005). It suggested that banlangen has anti-SARS coronavirus 3C-like protease effects, which might be a potential strategy for treating COVID-19.
Dahuang
Dahuang, a well-known TCM and food, is usually used to treat various diseases and adverse conditions, such as high fever and abdominal pain [31366111. Its main active components are anthraquinones. A previous study confirmed that dahuang extracts possess anti-SARS coronavirus effects (Shi et al., 2020). Luo et al. demonstrated that Rheum palmatum L. had a high level of anti-SARS-CoV 3CLpro activity. The IC50 was 13.76 ± 0.03 μg/ml and the inhibition rate was up to 96% (Luo et al., 2009). In conclusion, dahuang extracts have a high level of inhibitory activity against 3CLpro, indicating that extracts from dahuang may represent a potential therapeutic agent for SARS.
Yuxingcao
Yuxingcao has been used as a TCM to treat a variety of ailments in Asian countries (Liu et al., 2020), and it can effectively treat pneumonia, refractory hemoptysis, infectious disease as well as malignant pleural effusion. Relevant data revealed that yuxingcao water extract could obviously and dose-dependently stimulate the proliferation of mouse splenic lymphocytes. In terms of the anti-viral aspect, yuxingcao showed vital inhibitory effects on SARS-CoV 3CLpro and RNA-dependent RNA polymerase (RdRp) (Lau et al., 2008).
TCM FORMULA IN THE TREATMENT OF COVID-19 PATIENTS—MULTIPLE TARGETS THERAPY
SARS is an acute respiratory disease that first emerged in 2002. The current SARS-CoV-2 that causes COVID-19 has proved that our preparedness for emerging respiratory viral infections is not enough. TCM exerted a vital role in the treatment of SARS (Lau et al., 2005). According to the quasi-randomized controlled trial involving 654 SARS patients, Liu et al. found that the combination of comprehensive TCM and Western medicines can improve symptoms, quality of life, lung infiltrate and absorption, and reduce corticosteroid dosage (Liu et al., 2006). Therefore, it is possible that TCM could have a potential therapeutic role in COVID-19, which is also a type of SARS. What is more, the guidelines for the diagnosis and treatment of COVID-19 in Hubei province (Sixth Edition) have been developed and released, which also highlights the important role of TCM formulations in the treatment of COVID-19 patients (Table 2) (Yu et al., 2020). Thus, we listed the possible value of the relevant TCM formulations in the prevention of COVID-19.
TABLE 2 | TCM prescription for treating patients with COVID-19.
[image: Table 2]Importantly, severe inflammatory responses can be attributed to the deaths of SARS-CoV, MERS-CoV, or COVID-19 patients. As a result, anti-inflammatory drugs may reduce the rates of severity and mortality (Lu, 2020). Interestingly, it was discovered that shuanghuanglian effectively inhibited the stimulation of cytokines (IL-1β, IL-6, TNF-α, IFN-γ) and chemokines (MIP-1α, MIP-1β, and MCP-1) in peripheral blood mononuclear cells (PBMCs) induced by staphylococcal toxic shock syndrome toxin 1 (TSST-1) (Chen et al., 2002; Science CAo, 2020). Meanwhile, Poon et al. found that Sang Ju Yin and Yu Ping Feng San may have beneficial immunomodulatory effects on preventing viral infections, including SARS-CoV. “Clinical study on the treatment of COVID-19 with Chinese medicine” has made progress recently. Three new anti-coronavirus pneumonia Chinese medicine preparations have been approved by the Zhejiang Provincial Drug Administration as hospital preparations, laying a better foundation for further prevention and treatment of novel coronavirus pneumonia. Three kinds of TCM preparations against COVID-19 are jointly used by famous doctors of national medicine in the hospital, and national and provincial Chinese medicine. The three kinds of TCM formula that have been developed are: New Crown Pneumonia No. 1 prescription-Huashi Xuanfei Mixture (treatment of common type) New Coronary Pneumonia), New Coronary Pneumonia No. 2-Jiedu Xiefei Mixture (Treatment of Severe New Coronary Pneumonia), New Coronary Pneumonia No. 3-Jianpi Bufei Mixture (Treatment of New Coronary Pneumonia). Of note, these three prescriptions are being used in nine new coronavirus pneumonia designated hospitals in the province. The results show that: after using TCM, patients have significantly improved respiratory symptoms such as fever, cough, fatigue, and digestive tract symptoms caused by antiviral drugs. Some severely ill patients become mild after receiving treatment.
The Lung-toxin Dispelling Formula No. 1 (祛肺毒一号方), known as Respiratory Detox Shot (RDS), which is based on the medicinal value of the TCM theory, classical TCM prescription, and clinical practice. There are nine TCM ingredients in RDS: jingjie, jinyinhua, lianqiao, xuanshen, zaojiaoci, kuxingren, fengfang, gancao, and renshen. The nine TCMs have been proven to be effective in preventing and treating acute respiratory infection, common cold, and influenza in clinical practice. Lately, a clinical trial evaluating the efficacy of RDS in severe/critical COVID-19 patients found that RDS had therapeutic value and no observed side effects (Li et al., 2020a). Zhang et al. confirmed that RDS mainly acted on the kidney-urinary bladder, lung-large intestine, and stomach-spleen meridians, while other zang-fu viscera were strategically covered by all nine components. Under the background of the meridian theory of TCM, multiple components and objectives of RDS contribute to the health and elimination of pathogens. (Zhang et al., 2020b). Thus, this has a universal effect on the early control and prevention of COVID-19.
The Lianhua Qingwen capsule (LHQW-C) is a TCM prescription composed of zhimahuang, xingren, lianqiao, bohe, banlangen, yuxingcao, guanzhong, jinyinhua, shigao, dahuang, guanghuoxiang, hongjingtian, and gancao (Zhao et al., 2014). LHQW-C has been used to treat conventional seasonal influenza for decades. LHQW-C is found to affect or inhibit all parts of human influenza A virus in patients infected with human influenza A virus in different periods (Ding et al., 2017). Furthermore, Li et al. found that LHQW-C significantly inhibited SARS-CoV-2 replication in Vero E6 cells and significantly reduced pro-inflammatory cytokine (TNF-α, IL-6, CCL-2/MCP-1, and CXCL-10/IP-10) production at the mRNA levels. Furthermore, LHQW-C caused abnormal particle morphology of virus particles in cells (Runfeng et al., 2020). One eligible study focused on the anti-viral and anti-inflammatory activities of LHQW-C for treating COVID-19 or the suspected cases under medical observation, which published by the team of the outstanding academician Nanshan Zhong. Of note, for suspicious or mild cases, early treatment was essential. Relevant data showed that LHQW-C could be used as a preventive measure for the patients in the medical observation period (Runfeng et al., 2020). In addition, the clinical evidence confirmed that LHQW-C has quite the curative effect when combined with a Western medicine scheme, and no obvious adverse reaction. It can not only improve the clinical symptoms including cough, fatigue, fever, sputum, shortness of breath, chest tightness, poor appetite, but it also can control the progress of the upper respiratory tract infection and reduce the transition from light to severe, and shorten hospitalization time, which is suitable for ordinary type and suspected COVID-19 patients (Wang et al., 2020b). Therefore, accumulating evidence from bioinformatics, pharmacodynamics, and clinical findings suggests that LHQW-C plays a role in immune regulation, symptom improvement, and anti-inflammatory effects in treating of COVID-19.
The Shufeng Jiedu capsule (SFJD-C) is composed of huzhang, lianqiao, banlangen, chaihu, maoweicao, mabiancao, lugen, and gancao. It was mainly used to treat acute upper respiratory tract infections previously (Ying et al., 2017). Xiao et al. found that SFJD-C combined with arbidol had good efficacy in the treatment of COVID-19 and no drug-related adverse events were reported. What is more, there were critical improvements in CD4+ and CD8+ T cell subpopulations, white blood cell and CT imaging, antipyretic time, the disappearance time of dry cough, nasal congestion, fatigue, pharyngeal pain, and diarrhea for 2019-nCoV (Luo et al., 2009; Fung et al., 2011). At the same time, the study about a drug-component disease-target network analyzed the potential targets and mechanisms of SFJD-C for treating COVID-19. The results indicated that the therapeutic mechanisms involved various biological processes, such as viral interactions. And there were various cytokines, such as IL-6, ALB, and MAPK3 (Ying et al., 2017). In patients with COVID-19 infection, a huge number of cytokines may be related to the rapid onset of acute respiratory distress syndrome (ARDS), single or multiple organ failure, and even eventual death.
PROSPECT OF APPLICATION OF TCM IN COVID-19
TCM has obvious advantages in preventing and treating COVID-19. A variety of TCM have antiviral, anti-inflammatory, immune regulation effects, and low toxicity and side effects. In particular, some TCM have a two-way regulatory effect on the immune system. They enhance the body’s immunity through improving immunity and protecting all organs. It can also reduce an excessive immune response and alleviate the damage caused by inflammatory storm. However, TCMs fail to occupy an important position in the international market, because of the lack of reliable quality standards of TCM, and the fact that its specific mechanism is not clear. Based on this, it is urgent for us to find out the effective components in TCM, so that the specific mechanism of its effect can be explored. Therefore, we may be able to screen some effective components of TCM and study their mechanism of action. Thus, we could develop some drugs that can treat COVID-19. On the other hand, for TCM prescriptions, we can determine the quality standard and the proportion of each TCM to better treat COVID-19. In particular, a TCM formula could treat COVID-19 with multiple targets at the same time. Luo et al. found that gancao, huangqin, kuxingren, jinyinhua, lianqiao, and other herbs are the most frequently used in TCM, and these showed anti-inflammatory, anti-viral, immune regulation, anti-tumor, anti-pyretic and anti-spasmodic, and anti-asthmatic effects (Fan et al., 2020). Clinical studies have shown that LHQW-C significantly improved fever, cough, fatigue, and shortness of breath in suspected and confirmed COVID-19 cases, and reduced the proportion of suspected cases turning to severe disease. What is more, the over-expression of inflammatory cytokines (IL-6, TNF-a, MCP-1, and so on) caused by SARS-CoV-2 was significantly inhibited by LHQW-C, which exerted a vital role in immune regulation, symptom improvement, and anti-inflammatory effects in treating COVID-19. It also offers a reference and a potential pathway for the development of modern medicine, especially for the development of modern compound preparation to treat COVID-19.
In the last few decades, genome editing technology has been largely used in biomedical research. At the same time, continuous development has improved the efficiency of gene editing, reduced the impact of deviation from the target, and simplified the operating procedures in the organism (Memi et al., 2018). CRISPR/Cas13d is the RNA-directed RNA targeting CRISPR system. Tuan et al. suggest using the system to “chew” the RNA genome of SARS-CoV-2 specifically to limit its ability to regenerate. Cas13d protein and guided RNAs (gRNAs) containing specific complementary spacer sequences with viral RNA genomes were selected to cut the RNA genome of SARS-CoV-2. Moreover, in order to destroy the function of the virus, the researchers specially used the gRNAs to target both the ORF1ab and S genes of SARS-CoV-2. These functional proteins play a vital role in the infection and replication of SARS-CoV-2. If they interfere with the function of one or more of the proteins individually or at the same time and inhibit their activity, they can block the process of SARS-CoV-2 infection or self-replication in the host cell, so as to play a therapeutic role (Nguyen et al., 2020). Therefore, we can reduce the toxicity of natural products by subtracting toxic genes through gene editing. Hence, the natural productions would only protect COVID-19 patients.
On the other hand, to further explore the mechanism of TCM treatment of COVID-19. We used the TCMSP database to predict and screen the effective active ingredients of related TCM and sort out the ingredients of each prescription respectively by using the network pharmacology method. We integrated the targets of the common ingredients of the four formulations predicted on the Swiss Target Prediction platform and the targets related to COVID-19 obtained in the GeneCards database into a Venn diagram to screen the common targets. Next, we used the string platform to analyze the protein-protein interaction (PPI) between the common target and ACE2. Then, we analyzed the KEGG pathway and GO enrichment by using the DAVID platform, and studied the interaction between the target protein and HIV protein. On the basis of the above research, the results were visualized using the OmicShare platform and Cytoscape software (Zu et al., 2020) (Figure 4).
[image: Figure 4]FIGURE 4 | The future expectation of therapeutic methods in the treatment of COVID-19 patients. The researchers will specially use the gRNAs targeting both ORF1ab and S genes of SARS-CoV-2 in order to destroy the function of the virus and the toxicity of natural products by subtracting toxic genes through gene editing. Meanwhile, we can use the TCMSP database to predict and screen the effective active ingredients of related TCM and sort out the ingredients of each prescription respectively by using the network pharmacology method to treat COVID-19.
CONCLUSION
In the search for novel antiviral agents, it is not a new idea to reuse old drugs or relocate experimental drugs, and it was proposed that they should be used to treat other virus infections, such as Ebola epidemic (Sweiti et al., 2017). Meanwhile, it is also recommended to repurpose folk medicines (Habtemariam and Lentini, 2015), while emphasizing cardiovascular medicines (Patanè, 2014). Diseases caused by virus have been a big problem for scientists. For thousands of years, until today, no effective and special drugs have been found in the medical field. However, so far, there are no specific antiviral drugs or vaccines that have been proven to be effective against virus-induced inflammatory diseases, such as COVID-19. Therefore, the focus is on preventive measures and symptomatic treatment. Of note, because COVID-19 can cause systemic organ damage, multi-target therapy may be required besides anti-inflammatory and antiviral drugs during treatment. TCM can protect COVID-19 patients from tissue damage. This protection can be at least partially attributed to the anti-inflammatory, antioxidant, and anti-apoptotic effects of the TCM under investigation. In this context, TCM are being explored to provide patients with supportive, preventive, and rehabilitative care, owing to the characteristics of the multi-target therapy of TCM. Although there is no direct evidence, some uncontrolled studies on TCM show that they may possess a direct efficacy on the virus (Weeks, 2020). This also provides a reference and idea for the development of modern drugs, especially the development of modern compound preparations. In this review, it can also provide drug candidates for medicine research and development of COVID-19 prevention and treatment.
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Ulcerative colitis (UC) is the major type of inflammatory bowel disease (IBD) characterized by an overactive immune responses and destruction of the colorectal epithelium with intricate pathological factors. In China, Huiyangjiuji decoction (HYJJ) has been widely administered against inflammation, but the underlying mechanical mechanisms are not known. A murine model of colitis was established by orally feeding 4% dextran sodium sulfate for 5 days. Intestinal organoids (IOs) were treated with TNFα (Tumor necrosis factor-α) as an ex-vivo UC model. A scratch assay combined with a co-culture system that incubated murine epithelial cell line (IEC-6) with macrophages (Mφs) was utilized to assess epithelial recovery under inflammatory conditions. Network pharmacology analysis was performed to elucidate the mechanism of HYJJ decoction. In the present study, we confirmed that HYJJ considerably alleviated of DSS-induced colitis, as evidenced by the improved intestinal injury and fecal albumin, as well as feces blood. Network pharmacology analysis identified the active components in HYJJ formula, and KEGG enrichment analysis indicated that HYJJ-target genes were enriched in pathogen-induced infections, cancer-related as well as inflammatory pathways. Consistently, RNA-sequencing demonstrated that HYJJ treated inhibited cytokine-cytokine interaction, IBD as well as TNF signaling pathways, confirming the anti-inflammatory and anti-neoplastic role of HYJJ decoction. In-vitro experimental evidence confirmed the suppression of pro-interleukins by HYJJ, including IL-2, IL-10 and IL-12. Moreover, the contribution of HYJJ to mucosal healing was corroborated by ex-vivo experiments, in which HYJJ rescued TNFα-compromised IOs functions, i.e., elevated mitochondrial stress (MOS) and impaired regeneration capacity. IEC-6 cells co-culture with Mφs from HYJJ-treated experimental colitis mice showed an improved migration capacity as compared to those incubated with Mφs from untreated colitis mice. We conclude that HYJJ re-establishes homeostasis of the gut epithelium during colitis by suppressing inflammation and orchestrating cytokines interaction.
Keywords: inflammatory bowel disease, macrophages, intestinal organoids, Huiyangjiuji decoction, ulcerative colitis
INTRODUCTION
Traditional Chinese Medicine (TCM) has aroused great attention due to the abundance of multiple compounds with proven clinical efficacy that have multitarget properties. However, there are concerns worldwide regarding the efficacy and toxicity of TCM due to inadequate pharmacological evidence. Given that efficacy and toxicity are always the major sources of attrition in TCM, network pharmacology provides the promise of elucidating the mechanical mechanisms of TCM by a more holistic approach for integrating compound-target interactions from a molecular to system level.
It has long been known that the pathogenesis of Inflammatory bowel disease (IBD) involves a broad spectrum of factors. In addition to the contribution of genetic variants to the heterogeneity of IBD (Voskuil et al., 2020), physiological environmental dimension, e.g., ingestion and psychological condition also influence the progression (van der Giessen et al., 2020; Borren et al., 2020). Moreover, these different factors are interlinked and regulate gut microbiome and host-microbiota interaction, hence acting on modulation of IBD pathogenesis (Jazayeri et al., 2017). As of today, the pathogenesis remains still a matter of discussion due to the unpredictable and heterogeneous clinical course of IBD (Voskuil et al., 2020). IBD is pathologically characterized by epithelium disruption under a sustained pro-inflammatory microenvironment, and has two main forms-Crohn’s disease (CD) and Ulcerative colitis (UC). CD can induce lesions alongside all the gastrointestinal system, i.e., from mouth to anus, whereas UC is generally limited to the colon (Veauthier and Hornecker, 2018). UC is an independent risk factor for the progression of colorectal cancer (CRC) (Xue et al., 2018), and UC-associated CRC has a much poorer survival probability as compared to sporadic CRC (Jess et al., 2006). Mucosal healing, one primary concern when developing a potential therapeutic target for UC, requires homeostasis of the intestinal stem cells (ISCs) niche. Any disruption in the ISC niche will destroy the renewal of epithelium, thereby causing gastrointestinal disease (Merlos-Suárez et al., 2011; Suzuki et al., 2018; Yu et al., 2020). Herewith, establishing an anti-inflammatory microenvironment in favor of ISC-initiated wound healing and restoring healthy gut function would be an ideal therapeutic strategy, and thus the multitarget nature of TCM would shed light on UC therapy in the clinic.
Huiyangjiuji decoction (HYJJ) formula from Shang Han Lun that is the oldest Chinese monograph on Cold Damage Diseases (Chen et al., 2009), encompasses Aconitum carmichaelii debx (ACD), Zingiberis Rhizoma (ZR), Panax Ginseng C. A. Mey (PGM), Glycyrrhiza uralensis Fisch (GF), Atractylodes Macrocephala Koidz (AMK), Cinnanmomi Cortex (CC), Citrus Reticulata (CR), Schisandrae Chinensis Fructus (SCF), Poria Cocos (Schw.) Wolf (PCW), Pinellia ternate (Thunb.) Breit (PB). Among these herbs, the combination of ACD, ZR and GF also termed by Si-Ni decoction has shown proven efficacy for septic shock (Chen et al., 2011), sepsis (Brislinger et al., 2018; Zeng et al., 2019) by interfering with apoptosis and inflammatory responses (Aly et al., 2005; Endo et al., 2017; Yang et al., 2017; Endo et al., 2018; Bai et al., 2020). In the context of SI-NI decoction, the anti-inflammatory function has been emphasized by the addition of PGM (Jin et al., 2020), PB (Tian et al., 2020), SCF (Panossian & Wikman, 2008; Li et al., 2020; Li et al., 2021), PCW (Zhang et al., 2018) as well as CC (Csikos et al., 2020). Moreover, focusing on the impaired gastrointestinal functions, AMK is included to improve gastrointestinal motility (Zhu et al., 2018; Yang et al., 2019) and restore immune homeostasis (Xiang et al., 2020), while CR maintains homeostasis of the gut microbiota (Chen et al., 2020) and inhibits inflammation (Ho & Lin, 2008; Herath et al., 2016). Combining various anti-inflammatory herbs with gut-friendly components has offered a promising therapeutic alternative for gut diseases, especially for UC and UC-CRC.
In the present study, we discussed the potential therapeutic effect of HYJJ in UC by network pharmacology combined with RNA-sequencing, and examined the influence of HYJJ in vivo and in vitro.
MATERIALS AND METHODS
Ethics Statement
All procedures and assays were approved by the Institutional Animal Care and Use Committee of Jining Medical University.
Screening of Active Ingredients and Targeted Genes in Huiyangjiuji Decoction Components
We screened the active components according to Oral bioavailability (OB) values and drug-likeness (DL) utilizing Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP) (Ru et al., 2014). The ingredients greater or equal to 0.1 (Drug likeness, DL) and 20% (OB) were included according to TCMSP parameter information and criteria.
The targets of each active ingredient in HYJJ were retrieved from TSMSP database and transformed into gene symbols of Homo sapiens species by the UniProt knowledge database (www.uniport.org).
Inflammatory Bowel Disease-Related Genes Acquisition
We collected IBD-related genes from five sources with the keyword “ulcerative colitis,” including GeneCards (Rebhan et al., 1997; Safran et al., 2010), DrugBank (Wishart et al., 2018), Online Mendelian Inheritance in Man (OMIM) (Hamosh et al., 2002), PharmGkb (Whirl-Carrillo et al., 2012), and Statistics of Therapeutic Target Database (TTD) (Wang et al., 2020) (Supplementary Table S1).
Establishment of the Herb–Ingredient–Target Interaction Network
We intersected the targeted genes of HYJJ decoction with disease genes (Supplementary Table S4), and constructed a Venn diagram. By Cytoscape software (Su et al., 2014) Herb–Ingredient–Target (HIT) interaction network was visualized.
Protein-Protein-Interaction Network Construction
STRING database (Search Tool for Retrieval of Interacting Genes/Proteins) (http://string-db.org/) (Szklarczyk et al., 2019) was used to construct a protein-protein interaction (PPI) network based on the obtained HIT gene symbols. Full PPI network with both functional and physical protein associations and without disconnected nodes was constructed with a confidence score of ≥0.7 for significance.
Network nodes represent proteins, and edges represent protein-protein associations that proteins jointly contribute to a shared function, but this does not mean they are physically binding each other. The thicker of edge means the higher edge confidence.
Hub-Genes Identification
Hub genes with a high-degree node were identified by Cytocape plugin CytoNCA according to betweenness centrality (BC), closeness centrality (CC), degree centrality (DC), eigenvector centrality (EC), local average connectivity (LAC) and network centrality (NC) (Tang et al., 2015). These features were calculated twice to establish the final sub-network consisting of hub-genes with higher than the median values of the features.
GO and KEGG Pathway Enrichment
GO (Ashburner et al., 2000) and KEGG enrichment analysis (Kanehisa and Goto, 2000) of genes were implemented by Bioconductor (R). GO terms with adjusted p-value below 0.05 were considered as significantly enriched genes.
Experimental Validation
Animal
C57BL/6 mice were purchased (Cyagen, China). All animals were housed at sperm free animal facility at Jining medical university. All procedures involving animals were conducted within IACUC guidelines under approved protocols.
Ulcerative Colitis Mouse Model Subjected to Huiyangjiuji Decoction Administration
ACD, ZR, PAM, GF, AMK, CC, CR, SCF, PCW, PB were mixed according to the ratio of 3:2:2:3:3:1:2:1:3:3. The mixture was added to 1000 ml (1:10 g/v) of pure water and boiled for 1 h.
A total of 18 mice were randomly divided into three groups (6 per group): control group, DSS group, HYJJ-treated DSS group. 4% dextran sodium sulfate (DSS, MP Biomedicals) was added to drinking water for 4 days. Upon removal on day 5, HYJJ decoction solution was administered for 1 week. UC was scored by the following standards: i) weight loss (no loss = 0; <5% = 1; 5–10% = 2; 10–20% = 3; >20% = 4); ii) stool (normal = 0; soft, watery = 1; very soft, semi-formed = 2; liquid, sticky, or unable to defecate = 3); iii) bloody stool test (no blood test positive within 2 min = 0; purple positive after 10 s = 1; light purple positive within 10 s = 2; heavy purple positive within 10 s = 3) (Leagene); iv) Histological injury and inflammation were scored by parameters including edema, destruction of the epithelial monolayer, crypt loss, infiltration of immune cells into the mucosa.
Tissues were fixed and then embedded in paraffin. 3 μm slice was sections stained with hematoxylin and eosin (H&E).
Identification of the Chemical Constituents of Huiyangjiuji Decoction
Hybrid Quadrupole-TOF LC/MS/MS Mass Spectrometer was utilized. 0.1 g decoction powder was added to 1 ml 80% methanol under ultrasonication for 15 min. After 1200 r/min centrifugation for 10 min, the filtrate was collected through a 0.45 μm membrane filter and injected into Hybrid Quadrupole time-of-flight LC/MS/MS Mass Spectrometer (Triple TOF 5600+, AB Sciex Instruments) to identify the chemical constituents.
Chemical identification was performed on a connected system of LC-30 (Shimadzu)-Hybrid Quadruple time-of-flight mass spectrometer (TOF MS) with electrospray ionization source (ESI). InerSustain C18 column (Shimadzu, 100 mm × 2.1 mm, 2 µm) was used to perform chromatographic separation with a flow rate of 0.3 ml/min at 35°C. A linear gradient program with mobile phase system including Equate A (acetonitrile) and Equate B (0.1% HCOOH-H2O): 4 min (A:5%:B:95%), 8 min (A:20%:B:80%), 2 min (A:15%:B:75%), 2 min (A:46%:B:54%), 3 min (A:100%:B:0%), 1 min (A:5%:B:95%).
Following is the instrumental settings: both ion source gas 1 and gas 2 were 50 psi, curtain gas (CUR) was 25 psi, source temperature was 500°C in positive mode while 450°C in negative mode, ion spray voltage floating (ISVF) was 5500 V in positive mode while 4400 V in negative mode, TOF MS scan range was 100–1200 Da, product ion scan range was 50–1000 Da, TOF MS scan and product ion scan accumulation time were 0.2 and 0.01 s, respectively. Data was acquired in information-dependent acquisition (IDA) with high sensitivity mode, collision energy was 35 ± 15 eV, and declustering potential was ±60 V (Supplementary Table S2; Supplementary Figure S1).
Huiyangjiuji Decoction Solution Preparation
In a bid to prepare HYJJ solution for in vitro experiments, we established a HIT interaction network with the hub genes and the active components of herbs (Supplementary Figure S2). We selected the shared components of these herbs, included one typical ingredient with the highest degree in each herb: PCW (Hederagenin); AMK(3β-acetoxyatractylone), ACD (Karanjin), CC (Oleic acid), CR (Nobiletin, Naringenin), PCM (Kaempferol, beta-sitosterol), PB (Stigmasterol, Baicalein), SCF (Gomisin R), ZR (Sexangularetin), GF (Quercetin). MTT assay was utilized to ascertain toxicity of the mixture in DLD1 cells (Human colorectal cell line) (Supplementary Figure S3). These selected chemicals were mixed at a concentration of 10 ng/ml of each chemical diluted in DMSO (All chemicals have purchased the chemicals in Yuanye Biology, China).
Ribonucleic Acid Sequencing
We treated DLD-1 cells withTNFα (30 ng/ml) (Stemcell technology) for 24 h and added HYJJ mixture. After 14 h, RNA was exacted for the experiment. RNA degradation and contamination was monitored on agarose gels. RNA purity, concentration and integrity were checked using the spectrophotometer, Qubit and the Agilent 2,100, respectively. A total amount of 2 µg RNA per sample was used as input material for the RNA sample preparations. Sequencing libraries were generated using VAHTS mRNA-seq v2 Library Prep Kit for Illumina following manufacturer’s recommendations and index codes were added to attribute sequences to each sample. Briefly, mRNA was purified from total RNA using poly-T oligo-attached magnetic beads. Fragmentation was carried out using fragmentation buffer. First strand cDNA was synthesized and second strand cDNA synthesis was subsequently performed. Remaining overhangs were converted into blunt ends. After adenylation of 3′ ends of DNA fragments, adaptor with hairpin loop structure were ligated. Then the PCR was performed. At last, Qubit HS quantification, Agilent 2,100 Bioanalyzer/Fragment Analyzer 5,300 quality control, the final library size of about 350 bp. The libraries were sequenced on an Illumina NovaSeq platform to generate 150 bp paired-end reads, according to the manufacturer’s instructions.
Raw data (raw reads) of fastq format were firstly processed through primary quality control. In this step, clean data (clean reads) were obtained by removing read pairs that contain N more than three or the proportion of base with quality value below five is more than 20%, in any end, or adapter sequence was founded. All the downstream analyses were based on the clean data with high quality. Paired-end clean reads were aligned to the reference genome using TopHat. We selected TopHat as the mapping tool for that TopHat can generate a database of splice junctions based on the gene model annotation file and thus a better mapping result than other non-splice mapping tools. Quantification of gene expression level HTSeq was used to count the reads numbers mapped to each gene. Identification of differentially expressed genes Differential expression analysis between two conditions was performed using the DEGSeq R package (1.20.0). Differentially expressed genes were defined as those for which the adjusted p-value below 0.05 and the log2 (Fold change) more than 1. Raw data has been submitted to SRA database (PRJNA724825).
Peritoneal Macrophages Isolation
Mice were sacrificed and cold PBS was injected. Peritoneal liquid was collected and centrifuged. The pallet was diluted with RPMI1640 medium.
Intestinal Organoids Culture
MIOs were isolated and cultured according to the protocol (Stemcell technology). Small intestine was washed with cold PBS for 15 times and digested (Stemcell technology). The supernatant was filtered and centrifugated at 1300 rpm for 5 min. The pellet was cultured in intestiCult organoid growth medium (Stemcell technology). The medium was exchanged every 2 days.
Immunofluorescence
For immunofluorescence, intestinal organoids were incubated with MitoSOX™ Red Mitochondrial Superoxide Indicator (ThermoFisher) for 10 min at 37°C. After PBS washing, cells were mounted on the fluorescent scope at 590 nm.
Western Blotting
Cells were lyzed and the extracts were centrifuged at 13,000 rpm for 20 min at 4°C. Total protein (40 µg) was subjected to 8% SDS-PAGE. Proteins were transferred to a nitrocellulose membrane (VWR) and the membranes were then blocked overnight at 4°C. Antibody included BAX, BCL-2 and GAPDH antibodies (1:1000) (ThermoFisher). After secondary antibody incubation, protein bands were visualized after anti-rabbit IgG conjugated to horseradish peroxidase treatment.
Scratch Assay
Intestinal epithelial cells-6 (IEC-6) cells were seeded and the monolayer was scratched. The scratched area is photographically monitored at 0 and 24 h after treatment. The percentage of the coverage was measured.
Enzyme-Linked Immunosorbent Assay
Mouse IL-2, IL-12, IL-10 as well as Mouse Albumin ELISA Kit were purchased from Abcam. Serum was incubated with antibody cocktail for 1 h. After washing for three times, the supernatant was discarded. Streptacidin-HRP solution was added and incubated for 1 h. Then TMB solution was added and incubated for 10 min. After stop solution was utilized, the plate was mounted and OD was read at 450 nm.
Statistics
Data are provided as means ± SEM, n represents the number of independent experiments. All data were tested for significance using Student’s unpaired two-tailed t-test and only results with p < 0.05 were considered statistically significant.
RESULTS
Huiyangjiuji Decoction Alleviated Ulcerative Colitis Progression
A murine model of ulcerative colitis was established by feeding 4% DSS water to C57 male mice weighing 20–25 g, six mice in a group with or without HYJJ administration. The severity of experimental colitis was defined according to epithelial deconstruction, shortened colon length, and fecal blood. As shown in Figure 1A, HE staining showed that HYJJ markedly alleviated the epithelial structural collapse in UC mouse models. Exacerbated fecal album and fecal blood in DSS group were apparently rescued after HYJJ treatment (Figures 1B,C). Consistently, HYJJ therapy successfully maintained the colon length of UC mouse models. Collectively, in vivo assay indicated that HYJJ could alleviate UC progression.
[image: Figure 1]FIGURE 1 | HYJJ alleviates UC progression. (A) Representative HE staining images of duodenum and colon sections from C57 mice subject to 4% DSS administration with HYJJ at 5 mg/kg every 2 days. Scale bar, 150 μm. (B) Albumin level of IBD mice with HYJJ. (C) Fecal occult blood test of IBD mice with HYJJ.(D) Small intestine and colon from control and IBD mice with HYJJ therapy. ***(p < 0.001) indicate statistically significant difference from saline group, ###(p < 0.001) indicate statistically significant difference from IBD group.
The Herb-Ingredient-Target Network of Huiyangjiuji Decoction
W In a bid to ascertain the pharmacological mechanism of HYJJ, we screened the active components of HYJJ decoction in the TCMSP database and identified 188 active compounds targeting 2,165 genes. ACD yields 21 components targeting 92 genes, ZR yields five components targeting 54 genes, PCM. yields 22 components targeting 256 genes, GF yields 92 components targeting 1769 genes, AMK yields seven components targeting 23 genes, CR yields five components targeting 95 genes, SCF yields eight components targeting 30 genes, PCW yields 15 components targeting 30 genes, PB yields 13 components targeting 175 genes, CC yields 10 components targeting 116 genes (Supplementary Table S1).
We screened five databases for UC-relevant genes and obtained 5,811 genes after deleting redundant items (Figure 2A, Supplementary Table S2). Venn diagram analysis further showed that HYJJ shared 218 putative targets with UC (Figure 2B). The overlapping gene symbols were detailed in Supplementary Table S3.
[image: Figure 2]FIGURE 2 | The Herb-Ingredient-Target network of HYJJ. A Venn analysis showing IBD-related genes from five databases: Drugbank, GeneCard, OMIN, PharmGkb, TTD. (B) Venn analysis showing the crosstalk between HYJJ and UC.(C) Herbs and compounds as well as all the potential targets were linked.
To illustrate the pharmacological mechanism of HYJJ, we constructed a HIT network utilizing Cytoscape (Figure 2C). The yellow nodes represent UC genes and the blue nodes represent HYJJ molecules, while colorful dots within the component indicate different herbs, and the edges mean the interaction between UC and components. As illustrated, most herbs not only worked synergistically targeting the same genes, but shared some components, such as GR and ZR, PCM and SCF as well as PB. Furthermore, we explored the role of each herb in UC treatment. The pie chart showed the target genes of each herb in UC (Figure 3A), and GO and KEGG analysis was performed with these genes (Figure 3B). As the primary source of active components, GF and PCM target genes were similarily enriched in responses to lipopolysaccharide and bacterial as well as metal ions, steroid hormone pathway; CR and PB, as well as ZR influenced responses to oxidative stress and metal ions, while PB specifically regulated adrenergic and catecholamine activity and CR was involved in endocrine resistance; Of note was the anti-neoplastic role of the herbs mentioned above, indicating the potential therapeutic capacity of HYJJ in cancer handling. CR was responsible for responses to fatty acid and acid chemicals as well as the regulation of Adenosine 5‘-monophosphate (AMP)-activated protein kinase (AMPK) and peroxisome proliferators-activated receptors (PPAR) signaling pathways that exert an anti-inflammatory role in UC (Arafa et al., 2020; Xu et al., 2017). Other seemingly minor but vital herbs were ACD, SCF, PSW and AMK. Interestingly, ACD, AMK as well as PSW associated with muscle contraction and vasoconstriction, while AMK and PSW as well as SCF not only worked with neurological processes, including neuroactive ligand-receptor interaction and neurotransmitter receptor activity, but improved digestion processes, such as protein digestion and absorption, and salivary secretion. From the enrichment analysis angle, HYJJ decoction could suppress inflammation, orchestrate hormone activity and restore gut function, thereby holistically combating UC.
[image: Figure 3]FIGURE 3 | The function of each herb in the pathogenesis of UC. (A) Pie chart illustrating the target genes of each herb in UC.(B) GO and KEGG analysis showing the enrichment of herb-target genes.
We construct a full PPI network with a PPI enrichment p-value (<1.0 e-16) based on the STRING database (Figure 4A) and extracted 29 hub-genes (Figure 4B). The median values of BC, CC, DC, EC, LAC, and NC in the left subnetwork were 76.52928591, 0.4048583, 10, 0.030461067, 5.333333333, and 6.5, respectively. The median values in the right subnetwork (hub genes) were 15.67041167, 0.591562335, 19.5, 0.1026759405, 11.64171123, 13.451165665, respectively. 29 hub genes with higher than the median values of the features were identified (Figure 4B). In line with the individual function of each herb, KEGG analysis demonstrated that the hub-genes in the HIT network were enriched in infection, cancer and endocrine processes.
[image: Figure 4]FIGURE 4 | PPI network and hub genes. (A) PPI interaction network established by the target genes of HYJJ in UC. (B) Hub genes of PPI interaction network.(C) KEGG analysis of the hub genes.
Expression Profile of Human Colorectal Cancer Cells With Huiyangjiuji Decoction Treatment
Network pharmacological analysis not only indicated the anti-inflammatory effect of HYJJ, but also pointed out the anti-neoplastic potential of this decoction. Given that UC has been regarded as an independent risk factor of UC-CRC, we treated DLD-1 cells with HYJJ and extracted RNA for RNA-sequencing. As a result, 784 DEGs were obtained between HYJJ group and the control group. Among these DEGs, 643 genes were down-regulated and 141 were up-regulated (Figure 5A). Based on the STRING database, PPI network composed of down-regulated or up-regulated genes were constructed (Figure B, and C). We then performed GO and pathway enrichment analysis. The top enrichments of up-regulated genes in CC were membrane part, intrinsic component as well as integral component of membrane; In BP were regulation of cell response to heat and xenobiotic stimulus; In MF were molecular function regulator and enzyme regulator activity. Of note, the top enrichment of down-regulated genes in CC was cell periphery, plasma membrane and extracellular region, in BP were response to stimulus, regulation of multicellular organismal process as well as inflammatory response, in MF were receptor binding and cytokine activity (Figure 5E). KEGG analysis showed that HYJJ treatment facilitated cell adhesion molecules, salivary and pancreatic secretion, glutamatergic and dopaminergic synapse, fat digestion and absorption, all of which were mentioned in network analysis about the individual role of AMK and PSW as well as SCF, these seemingly minor components of HYJJ. Not surprisingly, HYJJ down-regulated genes were enriched in inflammation-related pathways, such as cytokine-cytokine receptor interaction, TNF signaling pathway as well as IBD, NOD-like and Toll-like receptor signaling pathways (Figure 5F), fully corroborating the anti-inflammatory as well as the anti-cancer therapeutic role of HYJJ.
[image: Figure 5]FIGURE 5 | Gene Ontology (GO) and KEGG enrichment analysis of the targets. (A) Chart illustrating the DEGs between control and HYJJ-treated DLD-1 cells. (B–C) PPI interaction network established by up-regulated genes or down-regulated genes. (D) GO analysis of up-regulated genes of HYJJ treated DLD-1 cells. (E) GO analysis of Down-regulated genes of HYJJ treated DLD-1 cells. (F) KEGG analysis of DEGs of HYJJ treated DLD-1 cells.
Huiyangjiuji Decoction Rescued TNFα-Hampered TNFα-Hampered Intestinal Stem Cells Survival
Intestinal organoids (IOs) culture is an ideal tool to mimic the stem cell niche and investigate the stemness of ISCs under pathological settings. The ex-vivo IBD cellular model was established by treating IOs with TNFα (20 ng/ml, 24 h), and then HYJJ was administered for another 24 h. TNF is interconnected with ROS, dysregulation of which is a hallmark of cancers and inflammatory diseases (Blaser et al., 2016). Given the inhibition of TNF signaling pathway by HYJJ shown in RNA-seq results, and that excessive reactive oxygen species (ROS) enables stem cells to escape from a long-lived quiescent state-a slow-cycling state and enter into a proliferative state undergoing differentiation or apoptosis (Tothova et al., 2007; Zhang et al., 2018), we examined ROS level as well as apoptosis of IOs. As illustrated in Figure 6A, TNFα increased ROS level, an effect that was reversed by HYJJ. The swollen shape and dark lumen of IOs in the TNFα group were also rescued by HYJJ administration (30 ng/ml, 24 h). Moreover, the number of multi-buds IOs was considerably decreased after TNFα treatment, which was successfully reversed by HYJJ (Figure 6B). Western blotting results showed the increased apoptosis in the presence of TNFα was suppressed by HYJJ, as evidence by the protein expression of BAC and BCL-2 (Figure 6C). Altogether, HYJJ facilitates the re-establishment of the ISCs niche in an ex-vivo model of ulcerative colitis.
[image: Figure 6]FIGURE 6 | HYJJ rescued TNFα-hampered IOs functions.(A) Immunofluorescent staining illustrating the mitochondrial stress of TNFα-treated (20 ng/ml, 24 h) IOs in the presence of HYJJ (30 ng/ml, 24 h). (B) Bar charts (n = 5) illustrating the number of multi-buds IOs in the presence of HYJJ and TNFα. (C) Original western blot pictures and bar charts (n = 5) illustrating the protein expression of Bcl-2 and BAX in α-treated IOs with HYJJ. ***(p < 0.001) indicate statistically significant difference from saline group, ###(p < 0.001) indicate statistically significant difference from UC group.
Huiyangjiuji Decoction Suppressed Inflammation and Contributed to Mucosal Healing
Mφs, antigen-presenting cells with high plasticity linking the innate and adaptive immune system, transit to the pro-inflammatory phenotype (M1 Mφs) and secret interleukins to amplify the inflammation processes, such as IL-2 and IL-12, as well as IL-10. Nevertheless, Mφs facilitate wound-healing when they act as guardians of the homeostasis and present M2 phenotype.
ELISA confirmed that HYJJ administration inhibited the levels of IL-2, IL-10 as well as IL-12 in the serum collected from mice undergoing experimental colitis (Figure 7A). Moreover, We established a co-culture system by Mφs and IEC-6 cells to mimic the inflammatory microenvironment around epithelial cells. Firstly, we isolated peritoneal Mφs from HYJJ-DSS mice and co-cultured these Mφs with IEC-6 cells for 24 h. A scratch assay showed that Mφs from DSS mice hampered the migration capacity of IEC-6 cells, but no detrimental role of HYJJ-DSS Mφs was observed (Figure 7B). Altogether, HYJJ might inhibit M1 Mφs transition and hence suppressing the pro-inflammatory interleukins levels in DSS-induced colitis mice.
[image: Figure 7]FIGURE 7 | The roles of HYJJ in the inflammatory status.(A) Bar charts (n = 5) illustrating the levels of IL-2, IL-10 and IL-12 of UC mice with HYJJ treatment.(B) Scratch assay showing the migration capacity of IEC-6 cells co-cultured with macrophages from UC mice with HYJJ treatment. ***(p < 0.001) indicate statistically significant difference from saline group, ###(p < 0.001) indicate statistically significant difference from UC group.
DISCUSSION
Large-scale functional genomics findings in various disease models have proposed that single-gene knockouts convey minimal information on phenotype. Only 19% of genes are crucial across model organisms, and most single-gene manipulations are likely to be involved in the prevalence rate under pathological stimuli (Hopkins, 2008). Therefore, the philosophy “one gene, one drug, one disease” of drug design has been challenged over the decades. Emerging network pharmacology has shed light on TCM and offered a practical approach to elucidate the pharmacological mechanisms of numerous compounds. Toxicity and efficacy account for the major sources of attrition in TCM therapy and have always aroused general concerns. In particular, inadequate animal in-vivo animal experiments and unknown pharmacological mechanisms lie at the heart of the query.
HYJJ decoction encompasses ten herbs, and the combination of ACD, ZR and GF has been introduced as Si-Ni decoction carrying on a potential anti-inflammatory effect on the treatment of septic and shock sepsis (Chen et al., 2011; Brislinger et al., 2018; Zeng et al., 2019). However, the therapeutic role of HYJJ in UC has not yet been elucidated. UC is the subtype of IBD and leads to digestive disorders, inflammation and even UC-CRC. In the present study, our in vivo findings showed that HYJJ effectively alleviated the progression of experimental colitis, and explored the pharmacological mechanism utilizing network pharmacology analysis. By integrating UC-associated genes from five databases and obtaining the active components of HYJJ in the TCMSP database, 218 target genes were identified. ΚΕGG analysis demonstrated the enrichment of hub genes in cancer as well as infection pathways, which corroborated the anti-inflammatory role of HYJJ. In the formula, combating inflammation was the principal target accomplished by eight herbs, such as ACD, ZR, GF, PGM (Jin et al., 2020), PB (Tian et al., 2020), SCF (Li et al., 2020; Li et al., 2021), PCW (Zhang et al., 2018) as well as CC (Csikos et al., 2020). In addition to inflammation, the recovery of gut motility and orchestration of the gut innervation were also underlined. On the one hand, adrenergic (Nezi et al., 2000; Furlan et al., 2006) and cholinergic (Mogilevski et al., 2019) systems work synergistically to maintain the homeostasis of the gastrointestinal tract, and our KEGG analysis demonstrated the regulatory role of PB in adrenergic and catecholamine activity, and CR in endocrine resistance. On the other hand, given the dysmotility caused by the inflammatory mediators and neural circuitry during UC progression, HYJJ included ACD, AMK, and PSW to improve the contraction of gut muscles. Consistently, HYJJ decoction took the brain-gut axis into consideration (Teratani et al., 2020) and selected compounds able to influence neurotransmitter activity. GO and KEGG analysis showed that AMK, PSW and SCF target genes were not only enriched in neurological pathways, including neuroactive ligand-receptor interaction and neurotransmitter receptor activities, but also contributed to digestive functions, such as protein digestion and absorption, as well as salivary secretion. Many of these effects were seemingly rather indirectly combating secretory diarrhea frequently occurring during IBD (Schiller, 1999), than directly interacting with the progression of IBD (Jonge et al., 2020). Additionally, given the high fiber in the components of HYJJ decoction and the improved gut health following ingestion of plant-based constituents (Carvalhana et al., 2012; Alferink et al., 2020), the intrinsic nature of these herb compounds was also beneficial for the gut recovery. Collectively, network pharmacological analysis demonstrated that HYJJ provided a potential therapeutic strategy for UC handling by suppressing inflammation, restoring the homeostasis of hormones and innervation, and facilitating gut motility and digestion.
In a bid to corroborate the findings above, DLD-1 cells were treated with the critical components of HYJJ and performed RNA-sequencing. In line with the results of network pharmacological analysis, HYJJ down-regulated UC-related inflammatory pathways, such as IBD and TNF, NOD-like and Toll-like receptor signaling pathways, and facilitated salivary and pancreatic secretion, glutamatergic and dopaminergic synapse, fat digestion and absorption, all of which were mentioned in network analysis about the individual roles of HYJJ. Most interestingly, the inevitable concerns about the toxicity of HYJJ were also clearly addressed. First, the primary active components in the decoction were acid chemicals, especially GF, and might hamper the mucosa, and CR could counteract and neutralize the acid irritation (Figure 3B). Secondly, the detrimental role of ACD for gestation has been proposed in Ben Cao Gang Mu, the most complete medical monograph written in the history of traditional Chinese medicine by LI Shi-Zhen, and KEGG analysis also confirmed the association of ACD and SCF with the maternal process involved in female pregnancy. Given the reported protective role of SCF in pregnancy (Panossian and Wikman, 2008), we proposed that the toxicity of ACD might be neutralized by SCF, which needs further experimental validations in vivo and in vitro.
Our ex-vivo experiments further demonstrated the positive role of HYJJ for mucosal healing and anti-inflammation. IO is a primary culture of intestinal stem cells and represents the dynamic progression of mucosal recovery, providing a specific powerful tool to mimic the interplay between intestinal stem cells and immune cells and mostly suitable for investigating IBD (Yin et al., 2018; Deuring et al., 2019). Stem cells are in a quiescent state to maintain a long-lived capacity in non-inflammatory settings, and enter into a proliferative state upon stimulations including excessive ROS, thereby undergoing apoptosis (Tothova et al., 2007; Zhang et al., 2018). We found the exacerbated ROS and apoptosis of IOs could be rescued after HYJJ treatment, which suggested that HYJJ was beneficial for re-epithelization. Furthermore, the phenotypes of Mφs reflect the immune status inside the body and exert distinct functions. In the case of inflammation, M1 Mφs secret pro-interleukins and amplify immune responses by antigen-presenting capacity. However, M2 Mφs act as safe guardians for homeostasis and wound-healing. We therefore isolated peritoneal Mφs from HYJJ-UC mice and co-cultured with IEC-6 cells, aiming to mimic the immunological environment of the ISCs niche. As a result, HYJJ treatment decreased the levels of pro-inflammatory interleukins in the serum of UC mice, and Mφs from HYJJ-treated mice did not compromise the migration of IECs, pointing out the anti-inflammatory role of HYJJ in UC.
CONCLUSION
By using a computational systems pharmacology approach and experimental evidence, we concluded that HYJJ alleviates experimental colitis progression by improving epithelial reconstitution and inhibiting pro-inflammatory response.
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ZhiJingSan Inhibits Osteoclastogenesis via Regulating RANKL/NF-κB Signaling Pathway and Ameliorates Bone Erosion in Collagen-Induced Mouse Arthritis
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Bone erosion is the most evident pathological condition of rheumatoid arthritis (RA), which is the main cause of joint deformities and disability in RA patients. At present, the conventional RA drugs have not achieved satisfactory effect in improving bone erosion. ZhiJingSan (ZJS), which is a traditional Chinese prescription composed of scolopendra (dried body of Scolopendra subspinipes mutilans L. Koch, scolopendridae) and scorpion (dried body of Buthus martensii Karsch, Buthus), exhibits anti-rheumatism, analgesic and joint deformities improvement effects. This study aimed to assess the therapeutic effect of ZJS on RA bone erosion and to elucidate the underlying mechanism. The effect of ZJS on RA bone erosion was investigated in a murine model of bovine collagen-induced arthritis (CIA), and the underlying mechanism was investigated in vitro in an osteoclast differentiation cell model. Administration of ZJS delayed the onset of arthritis, alleviated joint inflammation, and attenuated bone erosion in the CIA mice. Meanwhile, ZJS decreased the serum levels of TNF-α, IL-6, and anti-bovine collagen II-specific antibodies. Furthermore, ZJS treatment reduced the number of osteoclasts and the expression of cathepsin K in the ankle joints of CIA mice. ZJS also inhibited receptor activator of NF-κB ligand (RANKL)-induced osteoclast differentiation and the expression of MMP9 and cathepsin K in vitro. Mechanistically, ZJS blocked RANKL-induced p65 phosphorylation, nucleation, and inhibited the expression of downstream NFATc1 and c-Fos in bone marrow-derived macrophages (BMMs). Taken together, ZJS exerts a therapeutic effect on bone erosion in CIA mice by inhibiting RANKL/NF-κB-mediated osteoclast differentiation, which suggested that ZJS is a promising prescription for treating RA bone erosion.
Keywords: ZhiJingSan, rheumatoid arthritis, bone erosion, osteoclasts, RANKL, NF-κB
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by synovial inflammation, cartilage destruction, and bone erosion (Sparks, 2019). Approximately 1% of the world’s population suffers from RA, which occurs mainly in females (Smolen et al., 2016). Bone erosion appears early in the development of the disease and accompanies the entire progression of RA (Gravallese, 2002; Walsh and Gravallese, 2010). The main causes of bone erosion are synovitis, cytokine production, and osteoclast differentiation (Schett and Gravallese, 2012). NF-κB mediates osteoclast differentiation, which can be activated by receptor activator of NF-κB ligand (RANKL) in the inflammatory microenvironment (Jimi et al., 2004).
Currently, new targeted therapies and biomarkers have been identified for the diagnosis and treatment of RA bone erosion, while patients still develop unavoidable joint deformities (Burmester and Pope, 2017; Aletaha and Smolen, 2018). Disease-modifying anti-rheumatic drugs (DMARDs) and nonsteroidal anti-inflammatory drugs (NSAIDs) are common used in RA clinical trials, which fail to block the progression of bone erosion in RA patients (Orsolini et al., 2019). Biologic agents such as tocilizumab (IL-6R blockade) is effective in the reduction of bone erosion, but has limited effects on bone repair processes (Finzel et al., 2013). Denosumab, a monoclonal antibody against human RANKL, has induced membranous nephropathy in RA patients (Kimoto et al., 2020). Therefore, the effectiveness of these drugs is far from satisfactory, there is an urgent need to identify more efficacious drugs for treating RA bone erosion.
Traditional Chinese medicine has become popular as an alternative intervention to treat RA bone erosion. “Mi Yan Qi Zhen” reported that ZhiJingSan (ZJS)—a traditional Chinese prescription composed of scolopendra (dried body of Scolopendra subspinipes mutilans L. Koch, scolopendridae) and scorpion (dried body of Buthus martensii Karsch, Buthus)—can relieve pain, and improve rheumatism (Li, 2000). As ancient animal drugs in China, scolopendra and scorpion have attracted more attention because of their prominent effects in suppressing joint deformities (Qian and Wang, 2020). Previous studies found that a powder mixture of scolopendra and scorpion could improve joint swelling in collagen-induced arthritis (CIA) rats (Liu et al., 2012). Further studies demonstrated that polypeptides isolated from scolopendra and scorpion exhibit therapeutic effects against bone destruction in CIA rats (Park et al., 2018; Tanner et al., 2018).
Given that ZJS is closely correlated with RA therapy, the bone protection effect on RA bone erosion has yet to be demonstrated. This study was designed to investigate the inhibitory effects of ZJS on joint bone erosion in CIA mice and to explore its underlying mechanism. In vivo, the inhibitory effect of ZJS on arthritis severity, articular bone erosion, and the formation of osteoclasts as well as the expression of osteoclast marker proteins in CIA mice was evaluated. In vitro, the osteoclast differentiation model was used to evaluate the effect of ZJS on RANKL-mediated osteoclastogenesis and the key genes and proteins responsible for osteoclast differentiation. Mechanistically, the effect of ZJS on RANKL-mediated activation of NF-κB signaling pathway was clarified. Overall, our research showed that ZJS possesses the therapeutic potential in RA bone erosion.
MATERIALS AND METHODS
Animals
DBA/1J female mice (6–8 weeks old, weighing 18–20 g) were purchased from Changzhou Cavins Laboratory Animal Co., Ltd. The mice were raised at a suitable temperature (18–29°C) with a 12 h light/dark cycle. Animal welfare and experimental procedures were performed strictly in accordance with the Animal Welfare Law of China and the Animal Ethics Committee of the Affiliated Hospital of Integrated Traditional Chinese and Western Medicine, Nanjing University of Chinese Medicine (AEWC-20200819-125).
Chemicals and Reagents
Scorpion (batch number: 18080115) and Scolopendra (batch number: 20180601) were identified and provided by Jiangsu Province Hospital on the Integration of Chinese and Western Medicine (Nanjing, Jiangsu, China). Methotrexate (batch number: H31020644) was purchased from SPH Sine Pharmaceutical Laboratories Co., Ltd. (Shanghai, China). Bovine type II collagen and Freund’s adjuvant were purchased from Chondrex (Redmond, WA, United States). TRAP staining kits were purchased from Sigma-Aldrich (St. Louis, MO, United States). Antibodies against RANKL, OPG, cathepsin K, NFATc1, and c-Fos were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Antibodies against MMP9, p65, and phosphorylated p65 were purchased from Cell Signaling Technology (Danvers, MA, United States). M-CSF was sourced from PeproTech Technology (Rocky Hill, NJ, United States). ELISA kits for IL-6, IL-10, IL-17, TNF-α were purchased from R&D Systems (Minneapolis, MN, United States) and ELISA kits for RANKL were purchased from Multi Sciences (Lianke) Biotech, Co., Ltd. (Hangzhou, China). ELISA kits for anti-bovine collagen II-specific antibodies (anti-bovine CII-specific Abs) were purchased from Chondrex (Redmond, WA, United States).
Preparation of ZhiJingSan
To obtain ZJS for the in vivo experiments, the processed scorpion and scolopendra were crushed and passed through an 80-mesh sieve to form a fine powder, and further crushed using a cryogenic ball mill. Finally, the two powder was mixed with double distilled water at a mass ratio of 1:1 (the clinical dosage of ZJS was 1 g per day). In vitro, ZJS aqueous extract was prepared to obtain a freeze-dried powder, which was then dissolved in sterilized distilled water for the treatment of bone marrow-derived macrophages (BMMs).
Induction of Collagen-Induced Arthritis and Drug Administration
DBA/1J female mice (6–8 weeks old) were randomly divided into four groups: normal (normal, n = 7), vehicle (vehicle, n = 7), methotrexate (MTX, n = 7), and ZhiJingSan group (ZJS, n = 7). The mice were immunized twice with bovine type II collagen, as previously reported (Courtenay et al., 1980) in the vehicle, methotrexate, and ZhiJingSan groups. For the first immunization, 100 μg of bovine collagen II dissolved in Freund’s complete adjuvant (CFA) was injected intradermally at the base of the tail of each mouse. On day 21, an immunization booster was administered in the form of 100 μg of bovine collagen II dissolved in Freund's incomplete adjuvant (IFA). On day 28, ZJS was intragastrically (i.g.) administered at a dose of 0.18 g/kg/day, and MTX was administered i.g. at a dose of 0.92 mg/kg twice a week. The dosage of ZJS and MTX was determined according to the clinical dosage in humans, calculated as follows: dose in mice equivalent experiment [g/kg] = [human dose (g)/body weight (60 kg)] × 11. The clinical dosage of ZJS was 1 g per person for every day, and the clinical dosage of MTX was 5 mg per time for twice a week. The normal and vehicle groups were administered an equal volume of deionized water. All the mice were treated for 30 days.
Arthritis Assessment
After the booster immunization, the arthritic score, hind paw swelling, and body weight were measured every 3 days. The paw withdrawal threshold was detected in response to von Frey filaments (Chaplan et al., 1994). Arthritis severity was evaluated based on the arthritic score, which varies from 0 to 4 according to the following scale: 0, no signs; 1, detectable arthritis with some erythema; 2, significant redness and swelling; 3, severe redness and swelling from joint to digit; and 4, maximal swelling with arthrokleisis. All joints were scored separately, and the highest score obtained for each mouse was 16 (Honda et al., 2006).
Hematoxylin-Eosin Staining and Micro-CT Scan
The limb joints of each mouse were fixed in a 4% paraformaldehyde solution, decalcified for 1 month using 10% EDTA, embedded in paraffin, sectioned, and stained with hematoxylin and eosin. The degree of histopathological damage was based on previously described criteria (Luo et al., 2013) and scored on a scale of 0–4 according to the degree of inflammatory cell infiltration, synovial hyperplasia. The fixed hind paws were placed in a centrifuge tube with physiological saline and scanned using a compact micro-CT scanner (SkyScan 1176, Bruker, Germany). Bone mineral density (BMD), bone surface/bone volume (BS/BV), bone volume fraction (BV/TV), trabecular thickness (Tb.Th), and trabecular separation (Tb.Sp) were detected to reflect bone mass, which were analyzed using the built-in analysis software.
Enzyme-Linked Immunosorbent Assay
The sera of the mice were collected and stored at −80°C. The serum levels of IL-6, IL-10, TNF-α, IL-17, RANKL, and anti-bovine CII-specific Abs were measured using ELISA kits, according to the manufacturer’s instructions.
Tartrate-Resistant Acid Phosphatase Staining and Immunohistochemistry
Sections of the ankle joint of each mouse were stained using a TRAP staining kit to identify osteoclasts. Multinucleated cells with more than three nuclei of TRAP-positive cells were considered osteoclasts. OPG, RANKL, and cathepsin K were immunolocalized by incubation with different primary antibodies. A light microscope was used for image processing, and the immunohistochemistry signals were quantified using ImageJ software.
Cell Culture
Bone marrow mononuclear cells were separated from the tibias and femurs of 4–6 weeks-old C57BL/6 mice. Cells were cultured in α-MEM containing 10% FBS and 1% penicillin/streptomycin supplemented with 30 ng/ml M-CSF for 3 days. The adherent cells left at the bottom of the culture dish were considered BMMs.
Cell Viability Assay
The ZJS water extract was used for the in vitro experiments after sterilization. Cell viability was measured using the MTT assay. BMMs (8 × 103 cells/well) were inoculated in 96-well plates in triplicate and supplemented with 30 ng/ml M-CSF. After 12 h of culture, the cells were treated with different concentrations of ZJS (50–900 μg/ml) for 72 h. The optical density (OD) was measured at 570 nm.
In Vitro Osteoclast Differentiation and Tartrate-Resistant Acid Phosphatase Staining
For the osteoclast differentiation, BMMs were inoculated in 96-well plates (8 × 103 cells/well) and pretreated with or without ZJS (100, 150, 200, and 250 μg/ml) for 2 h. Then, the cells were cultured for 5 days, followed by stimulation with RANKL (100 ng/ml). The culture medium was replaced every other day. On the fifth day, the cells were fixed and stained with TRAP solution according to the manufacturer’s protocol. TRAP-positive cells with more than three nuclei were counted under a light microscope.
RNA Extraction and Real-Time Quantitative PCR Assays
BMMs (5 × 105 cells/well) were inoculated into 6-well plates, pretreated with or without ZJS (100, 150, and 200 μg/ml) for 2 h, and then stimulated with RANKL (100 ng/ml) for 48 h. Total RNA was extracted using TRIzol reagent according to the manufacturer’s instructions. A total of 1 μg of extracted RNA was reverse-transcribed to synthesize cDNA. cDNA was used as a template for RT-qPCR analysis using the SYBR Green qPCR Master Mix (Vazyme, Jiangsu, China). β-actin was used as the internal reference. The 2−ΔΔCt method was used for the data analysis. The primer sequences used are shown in Table 1.
TABLE 1 | Primers used for real-time qPCR.
[image: Table 1]Western Blotting and Immunofluorescence
BMMs (5 × 105 cells/well) were seeded in 6-well plates for 12 h. The cells were pretreated with or without ZJS (100, 150, and 200 μg/ml) for 2 h and then stimulated with 100 ng/ml RANKL for 48 h. The protein levels of NFATc1, c-Fos, MMP9, and cathepsin K were detected using western blotting. In addition, BMMs were treated with or without ZJS (100, 150, and 200 μg/ml) for 12 h, followed by stimulation with RANKL (100 ng/ml) for 1 h to detect the protein expression of p65 and p-p65. Data were analyzed using ImageJ software. Nucleation of p65 was detected by immunofluorescence staining. BMMs were pretreated with or without ZJS (200 μg/ml) for 12 h and then stimulated with 100 ng/ml RANKL for 1 h. Nucleation of p65 was detected using a laser scanning confocal microscope (FluoView Fvloi, Olympus, Japan).
HPLC-Q-TOF-MS Analysis
ZJS powder (1 g) was dissolved in 80% methanol, and a solution was obtained by sonication for 30 min. Finally, the solution was analyzed using an HPLC-Q-TOF-MS system. Chromatographic separation was performed using an Agilent C18 column (3.0 mm × 100 mm, 2.7 μm; Agilent Technologies, Santa Clara, CA, United States) at 40°C. The mobile phase consisted of water containing 0.1% formic acid (A) and acetonitrile (B). The gradient program was set as: 0–0.01 min, 5% B; 0.01–25 min, 5–95% B; 25–27 min, 5% B; 27–30 min, 5% B. The mobile phase flow rate was 0.3 ml/min, and the sample injection volume was 2 μL. Electrospray ionization (ESI) in the positive ion mode was used for mass detection. The source parameters were set as follows: spray voltage, 4.5 kV; gas temperature, 550°C; pressure of nebulizer gas, 55 psi; full scan range, 50–1,000 m/z.
STATISTICAL ANALYSIS
Data are expressed as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA) and two-way ANOVA were used to evaluate intergroup variation. Differences among groups were assessed using Tukey’s multiple comparison test. Statistical significance was set at p < 0.05.
RESULTS
ZhiJingSan Delayed the Onset of Arthritis and Ameliorated Arthritis Severity in Collagen-Induced Arthritis Mice
The component analysis of ZJS was shown in Table 2 and Supplementary Figure S1. To evaluate the therapeutic effect of ZJS on CIA mice, the onset of arthritis, the arthritic score, and hind paw swelling of CIA mice were determined, and the experimental scheme for the analysis of CIA mice was shown in Figure 1A. All the vehicle-treated mice showed symptoms of arthritis on day 37, and ZJS treatment effectively delayed the onset of arthritis in CIA mice (Figure 1B). The arthritic score of the vehicle group peaked after booster immunization for 4 weeks, ZJS treatment decreased the arthritic score and hind paw swelling compared to those of the vehicle group from day 35 to the end of treatment (Figures 1C,D,G). The paw withdrawal threshold was used to characterize pain sensitization in the ankle joints of the CIA mice. As arthritis progressed, ZJS treatment significantly reduced the mechanical allodynia in CIA mice on days 39, 49, and 57 (Figure 1E). Additionally, weight loss was significant in the vehicle-treated and MTX-treated mice, and ZJS alleviated weight loss on days 48 and 51 compared with the vehicle group (Figure 1F).
TABLE 2 | The mass information of the compounds identified in ZJS using HPLC-Q-TOF-MS.
[image: Table 2][image: Figure 1]FIGURE 1 | ZJS delayed the onset of arthritis and ameliorated arthritis severity in CIA mice. (A) Experimental scheme of the analysis of CIA mice. (B) Incidence of arthritis in each group was determined (n = 7). (C) Changes in the arthritis score were assessed in each group (n = 7). (D) Changes in the hind paw swelling were measured in each group (n = 7). (E) Changes in the paw withdrawal threshold were detected in each group using von Frey filaments (n = 7). (F) Changes in body weight were measured in each group (n = 7). (G) Representative images of the ankle joints of the mice taken on day 51 from the experiment in the indicated groups. Values are presented as the mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, compared with the vehicle group (Two-way ANOVA test).
ZhiJingSan Inhibited Cartilage Damage, Anti-Bovine CII-Specific Abs Production, and Inflammatory Cytokines in Collagen-Induced Arthritis Mice
As noted, ZJS ameliorated arthritis severity in CIA mice, the effects of ZJS on pathological changes in the ankle joints of CIA mice were then verified. ZJS treatment significantly decreased levels of inflammatory cell infiltration, synovial hyperplasia, and severe cartilage erosion in the ankle joints of CIA mice compared with the vehicle group (Figure 2A). Meanwhile, the inflammation scores in ZJS-treated mice were significantly lower than those in vehicle-treated mice (Figure 2B). As shown in Figure 2C, the serum levels of anti-bovine CII-specific IgG, IgG2a, and IgG2b antibodies were significantly lower in ZJS-treated mice than in vehicle-treated mice. Moreover, the serum levels of inflammatory cytokines IL-6 and TNF-α were significantly decreased in the ZJS group (Figures 2D,E). While the serum levels of IL-10 and IL-17 in ZJS-treated CIA mice exhibited no significant changes compared with vehicle-treated mice (Supplementary Figure S2).
[image: Figure 2]FIGURE 2 | ZJS inhibited cartilage damage, anti-CII specific Abs production, and inflammatory cytokines in CIA mice. (A) Representative pathological images of ankle joints stained with HE, the arrows indicated the synovial cell hyperplasia in the pathological images of ankle joints (scale bar = 100 μm). (B) The pathological assessment of ankle joints in the indicated groups (n = 5). (C) The levels of anti-bovine CII-specific IgG and isotype-specific IgG2a and IgG2b antibodies in mouse serum (n = 5). (D,E) The levels of pro-inflammatory cytokines (IL-6 and TNF-α) in mouse serum (n = 5). Values are presented as the mean ± SEM. #p < 0.05, ##p < 0.01, ####p < 0.001, compared with the normal group. *p < 0.05, **p < 0.01, compared with the vehicle group (One-way ANOVA test).
ZhiJingSan Inhibited Joint Bone Erosion in Collagen-Induced Arthritis Mice
To validate the effect of ZJS on joint bone erosion in CIA mice, the hind paws of the mice from all groups were examined using micro-CT. As shown in Figure 3A, micro-CT images showed that the surface of the ankle joints in normal mice was smooth, while the rough bone surface, severe bone resorption, joint bone destruction, and joint space enlargement were observed in the ankle joints of the vehicle-treated mice. ZJS treatment led to a remarkable reduction in joint destruction compared to that in vehicle-treated mice. Bone microfracture parameters, including BMD, BV/TV, Tb.Sp, Tb.Th, and BS/BV were measured to quantify the extent of joint destruction in the different groups. The ZJS group markedly increased BMD, BV/TV, and Tb.Th values, and reduced BS/BV and Tb.Sp values compared to the vehicle group (Figures 3B–F).
[image: Figure 3]FIGURE 3 | ZJS suppressed joint bone erosion in CIA mice. (A) Representative three-dimensional renditions of hind paws from mice in the indicated groups, which were obtained using micro-CT. (B) Bone mineral density (BMD) of the ankle joints in the indicated groups (n = 5). (C) The ratio of bone surface to bone volume (BS/BV) of the ankle joints in the indicated groups (n = 5). (D) Bone volume fraction (BV/TV) of the ankle joints in the indicated groups (n = 5). (E) The bone trabecular thickness (Tb.Th) of the ankle joints in the indicated groups (n = 5). (F) Bone trabecular separation (Tb.Sp) of the ankle joints in the indicated groups (n = 5). Values are presented as the mean ± SEM. ns: no significance. ###p < 0.005, ####p < 0.001, compared to the normal group. *p < 0.05, **p < 0.01, ***p < 0.005, ****p < 0.001, compared with the vehicle group (One-way ANOVA test).
ZhiJingSan Reduced the Number of Osteoclasts in the Ankle Joints of Collagen-Induced Arthritis Mice
Osteoclasts in the ankle joints of the mice were characterized by TRAP staining. Compared with the vehicle-treated mice, ZJS significantly reduced the number of osteoclasts in the ankle joints of CIA mice (Figures 4A,C). OPG, RANKL, and cathepsin K were detected in the ankle joints to evaluate the effect of ZJS on the production of osteoclasts. As shown in Figures 4A,B, the expression level of cathepsin K, which is a marker of osteoclastogenesis, was significantly reduced in the ankle joints of ZJS-treated mice compared with vehicle-treated mice. However, there were no significant changes in the expression of OPG, RANKL and ratio of OPG/RANKL in the ankle joints (Figures 4A,B,E) or in the serum level of RANKL in ZJS-treated mice compared with vehicle-treated mice (Figure 4D).
[image: Figure 4]FIGURE 4 | ZJS decreased the number of osteoclasts and the expression of osteoclast-related proteins in the ankle joints of CIA mice. (A) Representative immunohistochemical staining images of TRAP, cathepsin K, OPG, and RANKL in the ankle joints of mice in the indicated groups (scales bars = 100 μm). (B) The quantification of cathepsin K, RANKL, and OPG expression in the ankle joints of mice in the indicated groups (n = 3). (C) The number of TRAP-positive cells in the ankle joints in the indicated groups (n = 5). (D) The content of RANKL in the serum of mice in the indicated groups (n = 5). (E) Ratio of the IHC intensity of OPG and RANKL in the ankle joints in the indicated groups (n = 3). Values are presented as the mean ± SEM. ns: no significance. ##p < 0.01, ###p < 0.005, ####p < 0.001, compared with the normal group. *p < 0.05, **p < 0.01, ****p < 0.001, compared with the vehicle group (One-way ANOVA test).
ZhiJingSan Inhibited Receptor Activator of NF-κB Ligand-Induced Osteoclast Differentiation In Vitro
ZJS decreased the number of osteoclasts in the ankle joints of CIA mice, but did not affect the level of RANKL in sera and the ratio of OPG/RANKL expressed in joints. We then explored whether ZJS could inhibit osteoclast differentiation in vitro. The data showed that BMMs viability was not affected by ZJS up to a concentration of 250 μg/ml (Figure 5B). TRAP-positive cells (>3 nuclei) were observed upon RANKL stimulation, ZJS (100, 150, 200, and 250 μg/ml) treatment significantly decreased the number of TRAP-positive osteoclasts in a dose-dependent manner (Figures 5A,C). We next detected the effect of ZJS on the mRNA expression levels of osteoclast-specific genes (cathepsin K and MMP9). The upregulation of cathepsin K and MMP9 genes expression was observed in BMMs induced by RANKL, which was significantly reduced upon ZJS treatment for 48 h (Figure 5D). Taken together, these results further strengthened the hypothesis that ZJS effectively inhibited osteoclast formation.
[image: Figure 5]FIGURE 5 | ZJS inhibited the differentiation of osteoclasts and the mRNA expression of osteoclast-related genes in vitro.(A) Representative images of TRAP-positive cells in BMMs treated with the indicated concentrations of ZJS followed by stimulation with RANKL (scale bars = 200 μm). (B) Cell viability was evaluated using MTT assay (n = 3). (C) The number of TRAP-positive multinucleate osteoclasts treated with indicated concentrations of ZJS followed by stimulation with RANKL (n = 3). (D) The mRNA expression levels of cathepsin K and MMP9 in BMMs in the indicated groups were determined by real time qPCR analysis, β-actin was used as the internal reference (n = 3). Values are presented as the mean ± SEM. ###p < 0.005, ####p < 0.001, compared with the RANKL-untreated group. **p < 0.01, ***p < 0.005, ****p < 0.001, compared with the RANKL + ZJS-untreated group (One-way ANOVA test).
ZhiJingSan Suppressed NF-κB Signaling Pathway Induced by Receptor Activator of NF-κB Ligand
The NF-κB signaling pathway plays a critical role in mediating RANKL-induced osteoclast differentiation. We further explored the effect of ZJS on the RANKL-induced NF-κB signaling pathway in BMMs. The expression level of p-p65 was significantly increased by RANKL stimulation, which was inhibited by ZJS treatment (Figures 6A,D). Then we verified whether ZJS blocked the nucleation of p65. As shown in Figure 6B, p65 translocated into the nuclei after RANKL stimulation, and ZJS treatment inhibited the nucleation of p65. Moreover, ZJS significantly inhibited the increased protein level of MMP9, cathepsin K, c-Fos, and NFATc1 upon RANKL stimulation (Figures 6C,E). These data suggested that inhibition of the RANKL-induced NF-κB signaling pathway by ZJS was involved in the suppression of osteoclast differentiation.
[image: Figure 6]FIGURE 6 | ZJS suppressed the RANKL-induced NF-κB signaling pathway. (A) Representative immunoblots of p65 and p-p65 in BMMs were performed by western blotting, β-actin was used as the internal reference protein. (B) Representative immunofluorescence images of p65 in the nucleus of BMMs in the indicated groups (scale bars = 10 μm). (C) Representative immunoblots of NFATc1, c-Fos, cathepsin K, and MMP9 in BMMs were performed by western blotting, β-actin was used as the internal reference protein. (D) Western blot analysis of p-p65 in BMMs in the indicated groups (n = 3). (E) Western blot analysis of NFATc1, c-Fos, cathepsin K, and MMP9 in BMMs in the indicated groups (n = 3). Values are presented as the mean ± SEM. #p < 0.05, ##p < 0.01, ####p < 0.001, compared with the RANKL-untreated group. *p < 0.05, **p < 0.01, ****p < 0.001, compared with the RANKL + ZJS-untreated group (One-way ANOVA test).
DISCUSSION
RA treatment requires not only inflammation control, but also the inhibition of joint destruction and bone erosion (Guo et al., 2018). Bone erosion is a typical hallmark of RA (Scott et al., 2000; Welsing et al., 2001). Concomitantly with the development of bone loss, the main anti-inflammatory therapeutic agents showed poor protective benefits in repairing reduced bone mass (Dimitroulas et al., 2013). Therefore, it is necessary to develop novel therapeutic drugs for bone erosion. Chinese classical prescription has been an increasingly important source of drug treatment for RA. ZJS provides a great support in RA therapy, and shows the protection against joint deformities (Qian and Wang, 2020), while the therapeutic effects of ZJS on RA bone erosion is still unknown.
In this study, a CIA mouse model was used to investigate the effects of ZJS on RA inflammation and bone erosion. ZJS delayed the onset of arthritis and reduced the arthritic score. Meanwhile, ZJS decreased the serum levels of anti-bovine CII-specific Abs, IL-6, and TNF-α, which is consistent with previous reports (Liu et al., 2012). The results also showed that ZJS reduced the mechanical allodynia, thus relieving the joint pain in CIA mice. MTX, a positive drug in this study, could suppress dihydrofolate reductase and DNA synthesis, has proven to be a first-line anti-rheumatic agent, which inhibits the progression of RA mainly by inflammation control (Wang et al., 2018). However, the results indicated that ZJS was more effective in inhibiting inflammation than MTX. Additionally, there were no obvious benefits in regulating weight loss and mechanical allodynia after MTX treatment.
Furthermore, ZJS significantly reduced joint synovitis, articular cartilage, and bone damage in CIA mice. There were further evident improvements in bone indices (including BMD, BS/BV, BV/TV, Tb.Th, and Tb.Sp) after ZJS treatment. Bone erosion in RA-affected joints arises from the activation of osteoclasts by inflammatory processes (Adamopoulos and Mellins, 2015). Osteoclasts, which are derived from the monocyte lineage, are the primary bone resorptive cells and play an essential role in bone loss (Park-Min, 2018; Park-Min, 2019). Therefore, the purpose of treating RA bone erosion can be achieved by inhibiting osteoclast differentiation. The study then demonstrated that ZJS decreased the number of osteoclasts and the production of cathepsin K in the ankle joints of CIA mice. It is well known that osteoclasts resorb bone in the body by synthesizing cathepsin K, matrix metalloproteinases (MMPs), and TRAP (Teitelbaum and Ross, 2003). These results revealed that ZJS suppressed osteoclast differentiation in vivo.
RANKL is the most essential regulator capable of governing the processes of osteoclastogenesis (Park et al., 2017). OPG, a natural receptor inhibitor of RANKL, counteracts the overactivation of RANKL in osteoclast formation and maintains bone homeostasis (Theoleyre et al., 2004). The OPG/RANKL ratio plays an important role in regulating RA bone erosion. It is worth noting that ZJS had no effect on the level of RANKL in serum of CIA mice, and the ratio of OPG/RANKL expressed in the ankle joints, which suggested that the inhibition of osteoclast differentiation by ZJS may occur via the suppression of RANKL-mediated downstream signaling pathways.
Based on the in vivo results, in vitro experiments were conducted to explore the underlying mechanism of ZJS-mediated inhibition of osteoclast differentiation. BMMs were treated with RANKL to induce osteoclast differentiation. ZJS inhibited RANKL-induced osteoclastogenesis and decreased the production of osteoclast marker genes and proteins (cathepsin K and MMP9), which was in line with the in vivo study.
Activation of the NF-κB signaling pathway has been proved to be crucial in osteoclastogenesis, which can be induced by RANKL (Novack, 2011; Kikuta and Ishii, 2013). NF-κB signaling activation also leads to T cell activation and mediates an inflammatory response, resulting in bone loss direct by the abnormal activation of osteoclasts. (Jimi and Ghosh, 2005; Brown et al., 2008). The blocking of p65 nuclear translocation and the inhibition of p65 phosphorylation have been shown to suppress the pathogenesis of RA (Kang et al., 2018). In the present study, ZJS treatment inhibited the phosphorylation and nucleation of p65, indicating that the NF-κB signaling pathway is involved in the suppression of osteoclast differentiation by ZJS. The expression levels of IL-6 and TNF-α, which are immune response products of the NF-κB signaling pathway, were also decreased in the serum of ZJS-treated mice. Moreover, ZJS decreased the protein expression levels of c-Fos and NFATc1, which are transcription factors regulated by the NF-κB signaling pathway that can regulate osteoclast differentiation and osteoclast-specific gene expression (Grigoriadis et al., 1994; Wagner and Eferl, 2005). All these results illustrated that ZJS profoundly inhibited RANKL-induced osteoclast differentiation by downregulating the NF-κB signaling pathway.
It is necessary to analyze the monomer components of ZJS to better understand its therapeutic effects. A total of 19 compounds were preliminarily identified in ZJS (Table 2 and Supplementary Figure S1). These compounds included free amino acids, nucleotides, lipids, amines, and heterocyclic compounds, which is consistent with previous research results (Evans et al., 2020). Linolenic acid which we identified in ZJS is known as an n-3 fatty acid, and is considered essential for human health. Recent studies showed that linolenic acid inhibited RANKL induced osteoclast differentiation and suppressed inflammatory bone loss via modulating NF-κB-iNOS signaling pathway (Song et al., 2017). Salbutamol, as a β2-AR selective agonist, is proved to be a potent suppressor of CIA mouse model by suppressing the immunoinflammatory response (Malfait et al., 1999), and ameliorated joint inflammation in adjuvant-induced arthritic rats (Wu et al., 2016). Methyl palmitate significantly suppressed the expression of inflammatory cytokines (IL-1β and TNF-α) in adjuvant-induced arthritic rats, and exerted its anti-inflammatory effects in the treatment of RA (Abdel Jaleel et al., 2021). Whether these compounds are also involved in the regulation of ZJS in the treatment of RA bone erosion and the inhibition of osteoclast differentiation remains to be further studied. Additionally, the monomer compounds in ZJS may not be identified accurately in our current research. The identification of new monomer compounds in ZJS deserves further research.
In conclusion, this study demonstrates that ZJS as a traditional Chinese animal prescription, improved joint bone destruction of CIA mice and the protective effect was attributed to its inhibitory against RANKL/NF-κB-mediated osteoclast differentiation, suggesting that ZJS could be a potential prescription for RA bone erosion treatment.
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Rheumatoid arthritis (RA) is a debilitating autoimmune disease with grave physical, emotional and socioeconomic consequences. Despite advances in targeted biologic and pharmacologic interventions that have recently come to market, many patients with RA continue to have inadequate response to therapies, or intolerable side effects, with resultant progression of their disease. In this review, we detail multiple biomolecular pathways involved in RA disease pathogenesis to elucidate and highlight pathways that have been therapeutic targets in managing this systemic autoimmune disease. Here we present an up-to-date accounting of both emerging and approved pharmacological treatments for RA, detailing their discovery, mechanisms of action, efficacy, and limitations. Finally, we turn to the emerging fields of bioengineering and cell therapy to illuminate possible future targeted therapeutic options that combine material and biological sciences for localized therapeutic action with the potential to greatly reduce side effects seen in systemically applied treatment modalities.
Keywords: rheumatoid arthritis, autoimmune disease, inflammatory cytokines and chemokines, adenosine receptor, JAK-STAT signaling, biological therapies, disease modifying anti-rheumatic drugs, nanoparticles
INTRODUCTION
Rheumatoid Arthritis (RA) is a chronic, destructive autoimmune disease that afflicts over one percent of the world population and causes substantial pain, joint deformity, and functional disability (Helmick et al., 2008). It is characterized by inflammation of the synovial membrane lining joints, frequently resulting in bone erosion and eventual joint destruction if left untreated. It can also affect extra-articular organs (e.g., heart, lungs, eyes, blood vessels) and reduce life span (Hakala, 1988; Young and Koduri, 2007; Koduri et al., 2010; Widdifield et al., 2018). Additionally, autoantibodies to rheumatoid factor (RF) and citrullinated protein are often present. Risk factors for RA include smoking, gender (females show higher incidence), obesity, old age, and genetics with genetic and epigenetic factors comprising ∼30% of risk (reviewed in (Ollier and MacGregor, 1995; Scott et al., 2010; Smolen et al., 2018; Mikhaylenko et al., 2020; Smolen et al., 2020)). In North America, the overall prevalence of RA is ∼1% (Myasoedova et al., 2010; Tobón et al., 2010) though some groups show higher prevalence rates – with the highest prevalence affecting the Chippewa Native American people at 7% (Alamanos and Drosos, 2005; Ferucci et al., 2005). The yearly cost of care for the chronic treatment of RA in the United States is estimated at $12,509 (direct treatments costs of $3,725) in patients using non-biologic treatments, and $36,053 (direct treatment costs of $20,262) in patients using biologic agents (Hresko et al., 2018). It has been suggested that these high treatment costs may negatively affect medication adherence in patients with RA (Heidari et al., 2018).
Final common mediators of disease, including tumor necrosis factor-α (TNF-α) and interleukin (IL)-6, are well studied and have yielded breakthrough therapeutics. Although therapeutic options are increasing, many patients continue to have an inadequate response to therapy or intolerable side effects (Alonso-Ruiz et al., 2008; Wang et al., 2018). In this review we will discuss currently available and emerging treatments, as well as their described mechanisms of action (Table 1). We will also propose and explore potential novel therapeutic strategies for future drug development for the treatment of RA.
TABLE 1 | FDA approved drugs to treat RA.
[image: Table 1]Pharmacology of Methotrexate and Use in RA
Prior to the identification of methotrexate (MTX), options for the treatment of RA were quite limited. Treatments for RA in the early twentieth century predominantly focused on gold therapy, in which gold salts were applied via either injection or oral administration (Davis, 1988; Clark et al., 2000). In the mid-twentieth century, another potential power player, penicillamine, a derivative of penicillin, was first demonstrated to improve RA disease activity compared to placebo (Suarez-Almazor et al., 2000c). Though these therapeutic options demonstrated efficacy in treating RA, they were also plagued with serious incidents of toxicity (Clark et al., 2000; Suarez-Almazor et al., 2000c). These treatment modalities fell out of favor over time with the identification and application of small molecule compounds that could improve RA disease activity with less toxicity. One of the most impactful of these compounds was MTX.
MTX is a small organic antimetabolite used as a chemotherapy agent and immune system suppressant (Table 1). Despite advancements in new therapeutics, it continues to be the first-line therapy and standard of care for the treatment of RA. First developed in 1947 by a team of researchers led by Sidney Farber, MTX was initially used as a chemotherapeutic in the treatment of childhood leukemia. Farber and his colleagues made the observation that administering folic acid to tumor-carrying mice made the tumors proliferate (Malaviya, 2016). Farber’s group reasoned that if folic acid worsened tumor growth then depriving tumors of folic acid could prevent cellular proliferation. A team of chemists at the Lederle pharmaceutical company lead by Yella Subbarow synthesized a folic acid analogue, aminopterin. This analogue prevented folic acid from being metabolized and used in DNA synthesis, thus arresting tumor growth. However, due to a lack of stability and a complex synthesis, in 1950 aminopterin was replaced by amethopterin, another antimetabolic analogue of folic acid, now known as MTX.
In 1951 Gubner and colleagues (Gubner et al., 1951) demonstrated that MTX had anti-cancer properties, causing remission in breast cancer (Wright et al., 1951). MTX exerts its effect by binding and inhibiting dihydrofolate reductase (KD of 9.5 nM), an enzyme that is critical for the synthesis of the anabolic cofactor tetrahydrofolic acid (Rajagopalan et al., 2002). This was the first study to show it had efficacy in solid tumors, expanding its use. In 1956 MTX cured metastatic cancer, the first therapeutic to achieve this feat (Hertz et al., 1956). Due to its low cost of production, relative safety, and efficacy MTX continues to be one of the most prescribed medicines in the United States (Pannu, 2019).
It was later discovered by Gubner and colleagues that at low doses, MTX has “steroid-like” effects and could be used for a wide array of diseases, including psoriatic arthritis and RA (Weinblatt et al., 1985). One of the initial observations with aminopterin was the inhibition of connective tissue proliferation. This observation led to a study in 1951 by Gubner et al. in RA (Gubner et al., 1951). The results of this study showed that it caused rapid improvement in RA signs and symptoms in the majority of patients. This initial discovery triggered the development of MTX as a first-line treatment of RA. In low doses it serves as a potent immune system suppressant and has anti-inflammatory properties. By 1985 it was clinically demonstrated to be a potent and effective treatment for RA (Tian and Cronstein, 2007); patients treated with MTX are more likely to reach ACR50 in their RA disease score compared to placebo on the American College of Rheumatology scale, which signifies both a 50% improvement in the number of tender and swollen joints and a 50% improvement in at least 3 of 5 disease assessment criteria (ACR20, ACR50 and ACR70 being commonly used assessment scores) (Vega, 2015).
Today, MTX is used as one of the first interventions in patients with RA, with weekly dosages ranging from 5 to 25 mg (Vega, 2015), though therapeutic doses range closer to 15–25 mg weekly. MTX is inexpensive compared to newer biologic drugs. In addition, it effectively treats erosive RA (Brown et al., 2016). Thus, it is commonly the first therapeutic prescribed for RA. In fact, the European League Against Rheumatism recommend that if no contraindications exist, newly diagnosed RA patients be treated with MTX and glucocorticoids for at least three months while monitoring for improvement before proceeding to treatment with biologics (Smolen et al., 2020).
There are multiple mechanisms of action (MOA) for MTX. Below, we address MTX’s ability to 1) suppress lymphocyte proliferation via inhibition of purine and pyrimidine synthesis, 2) suppress transmethylation reactions thus diminishing accumulation of polyamines, and 3) induce adenosine mediated suppression of inflammation (Wessels et al., 2008). It is currently unknown which MOA is primarily responsible for its efficacy in treating RA and is more likely a combination of these mechanisms.
The best-known MOA of MTX is its action as a competitive antagonist of dihydrofolate reductase (DHFR), an enzyme that participates in tetrahydrofolate (THF) synthesis as shown in Figure 1. MTX is taken up by cells via the transmembrane protein reduced folate carrier 1 (RFC1) and is quickly polyglutamylated by folylpolyglutamate synthase (FPGs) to MTXGlu – a bioactive metabolite which is stable for a period of weeks, thus allowing for continued low dose administration to result in accumulation in target tissues (Cronstein, 2005; Yamamoto et al., 2016; Cronstein and Aune, 2020). MTXGlu is a highly potent inhibitor of many enzymes, including DHFR (Cronstein and Aune, 2020). MTX, a structural analog of folate, competitively inhibits DHFR by binding to the enzymatic site of action. Inhibition of DHFR inhibits tetrahydrobiopterin (BH4) production, and thus inhibits nitric oxide (NO) production – thereby increasing the presence of intracellular reactive oxygen species (ROS), activating JUN N-terminal kinase (JNK) which regulates apoptotic sensitivity and cell cycle progression in an anti-inflammatory context (Cronstein and Aune, 2020). DHFR also inhibits NF-κB translocation to the nucleus in a JNK dependent manner, although the exact mechanism remains to be elucidated. THF is necessary to produce purines and as a cofactor for thymidylate synthetase by donating a methyl group. Thymidylate as well as purines are necessary for DNA and RNA synthesis. This aspect allows MTX to serve as an effective chemotherapy agent; reducing DNA/RNA synthesis has a dramatic hampering effect on the ability for rapidly dividing host cells, like cancer cells, to proliferate. DNA/RNA synthesis inhibition is also what is largely responsible for MTX induced toxicities. Low-dose MTX was believed to alleviate RA symptoms by decreasing proliferation of lymphocytes that are responsible for causing inflammation of the synovial joint. However, it was unclear, whether this was the sole MOA as low-dose MTX is only taken once a week, thus potentially only providing short term inhibition of lymphocyte mediated inflammation. This led to the exploration of additional MOAs that could also be involved.
[image: Figure 1]FIGURE 1 | MTX toxicity mechanism of action. Oligonucleotide synthesis is suppressed two-fold by MTXglu (methotrexate polyglutamate) via thymidylate synthase and dihydrofolate reductase inhibition.
Polyamine accumulation has been observed in synovial fluids, urine, and mononuclear cells in patients with RA (Cronstein and Aune, 2020). These polyamines, including spermine and spermidine, are hydrolyzed to hydrogen peroxide and ammonia by monocytes – which act as cytotoxins that damage joint tissues (Nesher and Moore, 1990; Nesher et al., 1991; Nesher et al., 1996). It was hypothesized that MTX prevented the inflammatory and cytotoxic function of immune cells in the joints of patients with RA by inhibiting transmethylation and thereby suppressing polyamine accumulation in joints and other tissues (Cronstein and Aune, 2020). Though transmethylation and its role in inflammatory pathway activation is well documented (Lawson et al., 2007; Cronstein and Aune, 2020), inhibition of transmethylation alone failed to improve the clinical course of RA (Chan and Cronstein, 2010). This latter finding suggests that the inhibition of transmethylation reactions likely plays a small part in MTX’s anti-inflammatory effects in RA and potentially other related inflammatory diseases.
MTX is also known to increase extracellular adenosine release (Cronstein et al., 1991) as shown in Figure 2. MTX and its metabolites are taken up by cells via reduced folate carriers where they subsequently undergo polyglutamylation, to form MTXGlu, a biologically active metabolite that can persist and build up in cells for extended periods of time. This aspect explains why RA patients typically only require a low dose once a week (Cronstein, 2005). MTXGlu is a potent inhibitor of 5-aminoimidazole-4-carboxamide ribonucleotide (AICAR) transformylase. Inhibition leads to a buildup of AICAR over time (Baggott et al., 1986). Accumulation of AICAR leads to the inhibition of adenosine monophosphate (AMP) deaminase as well as adenosine deaminase. This blocks the conversion of AMP to inosine monophosphate (IMP) and adenosine to inosine, respectively. The buildup of intracellular AMP and adenosine promotes release of adenosine metabolites via an unidentified mechanism (Cronstein et al., 1993). The equilibrative nucleoside transporter 1 (ENT1) is believed to play a role in the increase in extracellular adenosine. It has since been demonstrated that the MTX mediated increases in extracellular adenosine are generated extracellularly via ecto-5’-nucleotidase, an enzyme that converts AMP to adenosine (Morabito et al., 1998).
[image: Figure 2]FIGURE 2 | MTX impact on adenosine secretion. MTX is polyglutamylated (MTXglu) after active transport of MXT into intracellular space. MTXglu inhibits AMP/adenosine deaminase (AMPDA/ADA respectively) and thus IMP/inosine production through accumulation of aminoimidazole carboxamidoribonucleotide (AICAR) and aminoimidazole carboxamidoribonucleoside (AICAside), the intermediate metabolites of purine biosynthesis. This results in increased cellular release of adenine nucleotides which are quickly converted into adenosine in the extracellular space. Adenosine triphosphate – ATP; adenosine diphosphate – ADP; adenosine monophosphate – AMP; adenylate deaminase – AMPDA; dihydrofolate polyglutamate - DHFglu; formyl AICAR - FAICAR; Inosine monophosphate – IMP; inosine triphosphate – ITP; inosine triphosphate pyrophosphatase – ITPA; reverse folate carrier 1 – RFC1; adenosine kinase – AK; nucleoside triphosphate phosphohydrolase – NTPDase; ecto-5’ nucleotidase – Ecto-5’ NT.
Extracellular adenosine binds to specific adenosine G-protein coupled receptors (GPCRs) as summarized in Figure 3. Four distinct subtypes are known, A1, A2, A2B, and A3, which have demonstrated a variety of both proinflammatory and anti-inflammatory responses (Blackburn et al., 2009). Adenosine can have anti-inflammatory effects mediated through a combination of adenosine receptor activation. For instance, it can inhibit the production of anti-TNF-α, although the adenosine receptor(s) involved in this action remains controversial (Prabhakar et al., 1995). Adenosine also inhibits adherence to endothelial cells by stimulated neutrophils, an important event that guides neutrophil recruitment into an inflammatory site through adhesion to the vascular endothelium (Cronstein et al., 1986). Decreasing the recruitment of neutrophils to the endothelial cells at the site of inflammation can decrease the production of inflammatory cytokines. Activation of the A2 receptor is known to inhibit neutrophil oxidative activity and protects endothelial cells from neutrophil mediated injury. The contribution of specific adenosine receptor subtypes in various cell types is complex and the mechanisms involved in the regulation of inflammation are not completely understood. However, data support the hypothesis that activation of adenosine receptors, due to increases in extracellular adenosine, is primarily responsible for mediating the anti-inflammatory effect of MTX and allowing it to serve as an effective treatment for RA.
[image: Figure 3]FIGURE 3 | Adenosine receptors and their respective proinflammatory and anti-inflammatory responses upon extracellular adenosine binding. All adenosine receptors are a part of the G-protein coupled receptor family. Respective G-protein signaling partners are indicated on each subtype of adenosine receptor.
MTX has its share of side effects although it is generally well tolerated and overall has a good safety profile. Side effects are dose dependent and thus RA doses do not tend to induce the same degree of side effects as doses used for chemotherapy. Most side effects arise due to deficits in folic acid metabolism. Toxicities from low-dose MTX related to decreases in folic acid metabolism include anemia, neutropenia, stomatitis, and oral ulcers (Attar, 2010; Hamid et al., 2018). These can generally be prevented or alleviated by folate supplementation (Shiroky et al., 1993). Toxicities unrelated to suppression of folate metabolism include hepatic fibrosis (Lindsay et al., 2009), pulmonary fibrosis (Provenzano, 2003), lethargy, fatigue, renal insufficiency, and rarely accelerated nodulosis (Albrecht and Müller-Ladner, 2010). MTX is also a teratogen and contraindicated during pregnancy and breast-feeding, as well as for men and women in the months preceding conception.
MTX is no less efficacious than specific anti-TNF therapy for the relief of symptoms including joint inflammation in early RA when long-term outcomes are examined (Bathon et al., 2000). Approximately 1/3 of patients will have a dramatic therapeutic response with MTX monotherapy and may not require any additional treatments (Goekoop-Ruiterman et al., 2007; van Vollenhoven et al., 2009; Emery et al., 2012). MTX also has a favorable adherence rate. In a 5-year prospective study 64% of patients completed the 5-year study, and only 7% withdrew due to lack of efficacy. A significant sustained clinical response, improvement in functional status, and a reduction in sedimentation rate was observed (Weinblatt et al., 1994). However, for a majority of patients, MTX monotherapy is insufficient to fully control their RA disease activity. For these patients, the addition of other conventional synthetic disease modifying anti-rheumatic drugs (csDMARDs), such as sulfasalazine and hydroxychloroquine, biological DMARDs (bDMARDs) or alternative treatments are added or used in lieu of MTX. In summary, while the exact anti-inflammatory MOA has yet to be elucidated, and despite its range of toxicities, MTX remains the cornerstone for RA therapy. Due to its low cost and efficacy, the American College of Rheumatology recommends MTX as the initial and first-line therapy to treat RA (Singh et al., 2015). It will likely continue to serve as an effective initial treatment strategy for RA and in addition to biologics to manage RA, particularly as MTX monotherapy has been shown to outperform at least one biologic as monotherapy (Breedveld et al., 2006).
It would be ideal if one could harness MTX’s efficacy in RA without its side effects through a more localized administration. Unfortunately, no such treatment currently exists. However, there are some promising recent studies which may provide insights into the targeted administration of MTX.
One of these studies comes from Sungkyunkwan University, where investigators administered MTX-loaded dextran sulfate (DS-MTX) nanoparticles to mice with collagen-induced arthritis (CIA) as a model for RA (Heo et al., 2017). After intravenous injection of the DS-MTX nanoparticles, they used near-infrared fluorescence PET to visualize their localization. They found that the DS-MTX nanoparticles were selectively taken up by activated macrophages and significantly enriched in the inflamed joints of the arthritic mice compared to non-arthritic wildtype controls. Additionally, they observed that CIA mice treated with DS-MTX significantly reduced cartilage erosion and synovial inflammation compared to CIA mice that received free MTX intravenously. This suggests that a more directed delivery of MTX treatment using DS-MTX nanoparticles could provide improved efficacy compared to more traditional methods of administration. Although this approach is early in the development process, it could prove to be a promising delivery system for the treatment of RA, as well as other organ-specific autoimmune diseases.
A group from Spain has found another creative way to administer MTX to RA patients in the hopes of limiting side effects. Carlo Matera and colleagues describe a photoactivatable derivative of MTX which they have named phototrexate (Matera et al., 2018). Phototrexate has a double bond which can adopt a therapeutically active cis conformation upon activation by UV-light and relaxes to an inactive trans conformation in the absence of light. The study suggests that cis phototrexate has an affinity similar to MTX for dihydrofolate reductase with an IC50 of 6 nM. The trans isomer phototrexate has a significantly reduced efficacy with an IC50 of 34 µM. Thus, administration of phototrexate followed by photoactivation could provide a new treatment modality not only for RA, but also in cancer, with the ability to spatiotemporally control the activity, and thereby the toxicity, of the drug. It is important to note that the light wavelength necessary to activate this small molecule exhibits low skin penetration and therefore this iteration serves more as a proof of concept for localized therapeutic options for RA (Matera et al., 2018). Further development of photoactivatable drugs activated by wavelengths that penetrate the body orders of magnitude better (such as those near the infrared region) will greatly expand the potential clinical impact of this technology (Matera et al., 2018).
Sulfasalazine in RA
Overview
Sulfasalazine (SSZ) is a csDMARD FDA approved to manage several rheumatic diseases including polyarticular juvenile idiopathic arthritis, ulcerative colitis, and RA. First approved by the FDA for medical use in 1950, SSZ has been used for decades either alone or in combination with other RA therapeutics for treating rheumatic diseases. SSZ is a prodrug consisting of 5-aminosalicyclic acid and sulfapyridine linked via an azo bond which is cleaved via bacteria located in the colon, releasing the active compound 5-aminosalicyclic acid (Choi and Fenando, 2020). Though effective, inexpensive, easy to administer, and not known to impact fetal development, SSZ is associated with side effects including nausea, vomiting, anorexia, headache, and skin rash, as well as several adverse events including blood dyscrasias, pancreatitis, interstitial nephritis, hepatitis, and hepatic failure. Therefore, close and frequent monitoring of liver function tests, complete blood count, and serum creatinine in the first 3 months is very important, followed by every 8 to 12 thereafter (Ransford and Langman, 2002; Choi and Fenando, 2020). SSZ is no longer frequently utilized as a monotherapy, but is commonly used for management of RA as a part of the classic triple therapy regimen alongside hydroxychloroquine (HCQ) and MTX (O'Dell, 1998). SSZ is administered orally twice a day in 500 mg tablets and is available in both immediate and delayed release formulations (Choi and Fenando, 2020).
Proposed Mechanism of Action
SSZ’s anti-inflammatory effects can be the result of either SSZ directly or its metabolites sulfapyridine and 5-aminosalicylic; the exact mechanism of action remains unknown. Several immunomodulatory mechanisms of action have been proposed for SSZ and its metabolites, including 1) the inhibition of NF-κB and thus its proinflammatory cascade and leukocyte accumulation (Wahl et al., 1998; Cronstein et al., 1999; Park et al., 2019), 2) the induction of caspase-8 induced macrophage apoptosis (Rodenburg et al., 2000), 3) the inhibition of RANKL (Lee et al., 2004), 4) the stimulation anti-inflammatory activity by facilitating adenosine accumulation via increased adenine conversion activity (Morabito et al., 1998), 5) B cell inhibition (Hirohata et al., 2002), and 6) the inhibition of the expression of several chemokines (Volin et al., 2002).
Clinical Evidence for Sulfasalazine
Though used for the clinical treatment of RA as early as 1948, SSZ did not gain ground as a recognized RA therapeutic treatment until many decades later (Suarez-Almazor et al., 2000b) after several controlled trials were conducted. A Cochrane systematic review of six placebo-controlled trials addressing SSZ activity as a monotherapeutic agent to treat RA found that SSZ is clinically effective as determined via tender swollen joint score, pain alleviation scores, and erythrocyte sedimentation rate (ESR) (Suarez-Almazor et al., 2000b) at a 6-month time point. Furthermore, patients in the SSZ groups were four times less likely to withdraw than patients receiving placebo (Suarez-Almazor et al., 2000b). Despite these benefits, the occurrence of adverse effects limits its use in a number of patients compared to other RA therapeutics (Suarez-Almazor et al., 2000b). SSZ as a combinatorial therapy with both MTX and HCQ is well tolerated and has been shown to be significantly more clinically effective in managing RA symptoms such as joint stiffness, joint swelling, pain, and ESR compared to MTX alone (O'Dell et al., 1996), SSZ and HCQ (O'Dell et al., 1996), MTX and HCQ (O'Dell et al., 2002), SSZ and MTX (O'Dell et al., 2002), and MTX and cyclosporin A (CSP) (O'Dell, 1998). This triple therapy regimen has been shown to have both comparable clinical outcomes and small radiographic differences when compared to combinatorial MTX and anti-TNF-α treatment after 2 years (Moreland et al., 2012). In addition to similar clinical efficacy, individuals found to be poor responders to MTX and anti-TNF-α combinatorial therapy have been successfully treated with triple therapy, and vice versa (O'Dell et al., 2013). Though determined to be as effective as MTX/TNFi treatment (Curtis et al., 2020), adherence to the triple therapy regimen was shown to be an issue during the two-year follow-up interval, with SSZ associated GI toxicity suggested to be the primary cause (Erhardt et al., 2019; Curtis et al., 2020).
Hydroxychloroquine in RA
Overview
HCQ is an antimalarial medication first approved by the FDA in 1955 (Administration USFD, 2020). HCQ and its parent chemical chloroquine are 4-aminoquinolines, aromatic and planar in structure, with basic side chains that facilitate intracellular compartment accumulation – a process essential to their antimalarial mechanism of action (Schrezenmeier and Dorner, 2020). HCQ is enantiomeric and known to have stereoselective effects, but the widely prescribed formulation Plaquenil remains a racemic drug (Mok et al., 2005). Though HCQ has demonstrated immune-modulatory potential as a DMARD, it is not a panacea: HCQ has been shown to prevent bone destruction (Koduri et al., 2010), reduce atherosclerosis, protect against infections (Ruiz-Irastorza et al., 2009; Rempenault et al., 2018), possesses antithrombic (Sharma et al., 2016) capabilities, and yet has limited efficacy as monotherapy in severe RA. However, it is a safe and effective therapy for early and mild to moderate RA. Importantly, it serves as an effective component of combination therapy for aggressive RA (Tsakonas et al., 2000; Grigor et al., 2004; Moreland et al., 2012). The disparate effects from HCQ are believed to result from a variety of proposed mechanisms of action, with no singular mechanism resolutely accounting for its clinical efficacy (Schrezenmeier and Dorner, 2020).
Proposed Mechanisms of Action
Many mechanisms of action have been proposed for HCQ activity in RA and are thought to be related to disruption of lysosomal activity and its inhibition of antigen presentation and cytokine production. HCQ accumulates in the cellular lysosomes of B-cells, affecting lysosomal function by raising lysosomal pH, as seen in vitro (Circu et al., 2017; Mauthe et al., 2018). Proper lysosomal function enables antigen presentation and autophagy. As the hydrolytic activity of lysosomal enzymes is pH dependent, HCQ accumulation disrupts their function, subsequently attenuating MHC class II mediated autoantigen presentation, thus preventing antigen-induced T cell activation, expression of co-stimulatory molecules (such as CD154), and their subsequent immune response (Wu et al., 2017; Schrezenmeier and Dorner, 2020). There appear to be specific interactions within the lysosome responsible for this activity. One potential lysosomal target might be palmitoyl-protein thioesterase 1 (PPT1), an enzyme which cleaves lipids from proteins. PPT1 has been found to be upregulated in RA synovial tissue and is inhibited by HCQ in vitro (Rebecca et al., 2019). Perhaps PPT1 inhibitors may be a worthwhile area for future investigation (Ma et al., 2017).
Some anti-inflammatory aspects of HCQ have been attributed to reduced inflammatory cytokine production. These effects are due, at least in part, to inhibition of T cell activation, differentiation, and downstream T cell effector function resulting in reduced cytokine production. Additionally, HCQ interferes with TLR7 and 9 signaling by raising local endosomal pH (Ewald et al., 2008); and HCQ, like other antimalarials, may block nucleic acids from associating with TLR9 directly, as shown in colocalization assays using fluorescent spectroscopy (Kuznik et al., 2011). TLR signaling induces the production of cytokines, including IL-1, and disruption of this pathway reduces downstream TNF production and gene expression (Hjorton et al., 2018). HCQ has also been implicated in the reduction of other anti-inflammatory cytokines; in vitro studies have shown that HCQ can reduce the production of IL-1, IL-6, TNF, INFγ by mononuclear cells, and reduce TNF, INF⍺, IL-6, and CCL4 in plasmacytoid dendritic cells (pDC, an immune cell type linked to viral defense) and natural killer cell co-cultures (Wallace et al., 1993; Wallace et al., 1994).
Clinical Evidence for HCQ
Though HCQ is not recommended for use as a monotherapy for aggressive or established RA (Singh et al., 2015), there remains an important niche for this drug as an immune modulator with a low toxicity profile in RA treatment. Given the latter, rheumatologists frequently reach for its use in patients with contraindications to other more immune suppressive regimens. Additionally, in a Cochrane database systematic review, a statistically significant benefit was observed when HCQ was compared to placebo after 6 months of therapy, albeit with moderate effects (Suarez-Almazor et al., 2000a). Its use has been found to be most beneficial in early onset RA and in patients with mild to moderate disease activity (Tsakonas et al., 2000; Grigor et al., 2004). Currently, a U.S. placebo-controlled study entitled StopRA (Strategy for the Prevention of Onset of Clinically-Apparent RA) is evaluating whether HCQ can prevent or delay the onset of RA in individuals pre-determined to be at high risk of developing disease (based on family history and anti-CCP3 positivity ≥ 2 times the upper limit of normal, regardless of whether arthralgia is present) (Koffeman et al., 2009). Yet, as a monotherapy, HCQ failed to differentiate its efficacy from MTX and SSZ in more active disease despite being effective when used in a triple therapy regimen with these two other drugs (O'Dell et al., 2002; Ravindran and Alias, 2017). Clinically, HCQ is characterized by a long delay in the onset of action, which may result in withdrawal of this medication due to inefficacy (as reviewed in (Carmichael et al., 2002)). The slow onset of action can be attributed to its pharmacokinetics. It has a terminal half-life longer than 40 days; thus steady state is not reached until after 6 months of treatment (Tett et al., 1989). However, combination therapy with MTX and HCQ has been shown to be more potent than either medication used alone (Trnavský et al., 1993). Furthermore, it has emerged as an effective component of combination “triple therapy” for aggressive RA (Moreland et al., 2012).
Prednisone in RA
Overview
Prednisone is a synthetic glucocorticoid (GC) derived from cortisone that has four to five times the anti-inflammatory potency of endogenous cortisone due to the existence of a double bond between its C1 and C2 atoms (Krasselt and Baerwald, 2014). Its robust activity as an anti-inflammatory and immunosuppressant has led to its extensive application as a therapeutic for acute and chronic immune conditions ranging from allergic response to chronic autoimmune diseases (Krasselt and Baerwald, 2014). If administered orally, prednisone is rapidly taken up through the small intestine for systemic circulation, where it has a plasma half-life of approximately 1 h (Krasselt and Baerwald, 2014). Prednisone is a biologically inert prodrug that is converted to its active form prednisolone via the hydrogenation of its C11 ketone group by liver metabolism. It is an important therapeutic to treat RA flares and quickly control disease, improve patients’ quality of life, and prolong and improve the efficacy of other csDMARDs (Krasselt and Baerwald, 2014). Side effects of prednisone such as hypertension, diabetes, myopathy, weight changes, and osteoporosis are largely dose dependent. However, low doses (usually considered <7.5 mg / day) can safely be used as disease modifying agents to treat RA with minimal side effects (Krasselt and Baerwald, 2014).
Mechanism of Action
Bioactive prednisolone is lipophilic, thus allowing the compound to passively diffuse through cell membranes (Krasselt and Baerwald, 2014). Once within cellular space, the drug associates with the cytosolic glucocorticoid receptor (cGCR), which triggers the release of receptor associated proteins and the translocation of prednisolone/cGCR to the nucleus, where it binds as a homodimer to GC responsive elements encoded in the cell’s DNA in a transactivation event that triggers an anti-inflammatory gene expression cascade (Krasselt and Baerwald, 2014). In addition to this genetic mechanism, GC/cGCR complex monomers are capable of interfering with the proinflammatory transcription factors NF-ĸB , activator protein-1 (AP-1) and nuclear factor for activated T cells (NF-AT), thus reducing the expression of major proinflammatory proteins IL-1, IL-6, and TNF-α (Krasselt and Baerwald, 2014).
Clinical Trials
Prednisone has been studied extensively in the clinical context of RA with beneficial results. The Utrecht study showed significant clinical benefit of 10 mg daily prednisone when administered as a monotherapy by inhibiting joint destruction, as determined via radiography (van Everdingen et al., 2002). The follow-up study to this clinical trial with two-years of prednisone treatment showed that even one-year after discontinuation of this drug, joint destruction inhibition was maintained (Jacobs et al., 2006). Another clinical trial of prednisone as an RA monotherapy showed significantly less people withdrawing from trial due to lack of efficacy compared to a placebo group (Pincus et al., 2009). Prednisone in combination with a DMARD has also been shown to achieve a higher remission rate, retard joint destruction, and initiate a more rapid clinical response compared to placebo controls (Wassenberg et al., 2005; Hafstrom et al., 2009; Bakker et al., 2012). In addition to direct therapeutic benefits, clinical studies have also suggested that prednisone may be able to prolong the survival time of csDMARD therapeutics for increased efficacy, as well as reduce the occurrence of csDMARD associated side effects (Malysheva et al., 2008).
NSAIDs, COX-2, and Rheumatoid Arthritis
Historically considered a first-line treatment option for RA, nonsteroidal anti-inflammatory drugs (NSAIDs) have been replaced by conventional and biological DMARDs that provide joint protective effects. Though effective at relieving pain and inflammation associated with RA, chronic use of NSAIDs can result in cardiovascular and gastrointestinal (GI) toxicities such as acute coronary syndrome or stomach ulcers (Fitzgerald, 2004).
COX-2 inhibitors such as rofecoxib and celecoxib were developed in order to potentially prevent adverse GI side effects, keep up the anti-inflammatory properties, and provide additional pain relief.
In the late 90s and early 2000s, NSAID therapies for treating arthritis were limited and lacked effectiveness. Therefore, initially there was not a strong competitive NSAID market. However, the approval of Merck’s selective COX2 inhibitor rofecoxib (Vioxx) for RA in 1999 drove rapid industry wide innovation and lead to the release of Pfizer’s celecoxib in 2000. Both were shown to be effective in treating joint pain associated with osteoarthritis (OA) and RA and proved to reduce GI toxicity. While initially these products did not directly compete with each other, when rofecoxib was pulled from the market citing stroke and other cardiovascular risk concerns, celecoxib initially took a big hit in sales. Despite this, celecoxib was ultimately able to expand to the United States market.
While COX inhibitors play a minor role in RA treatment regimens, they play a larger role in the treatment of OA. For more information regarding MOA, please see previously published works (Krumholz et al., 2007; Ricciotti and FitzGerald, 2011; Zarghi and Arfaei, 2011).
Cytokines in RA
Origins of Cytokine Response
CD4 T cells are known to play a key role in the pathogenesis of RA (Gay et al., 1993; Lundy et al., 2007; Plenge et al., 2007; Zikherman and Weiss, 2009). Yet, it remains unknown how arthritis-causing T cells initiate disease. Early events that lead to autoimmunity in RA prior to late manifestations of disease-specific immune dysregulation, such as overt joint inflammation, are currently not well-studied. However, it is believed that in the early pre-clinical phase of RA, there is a genetic component coupled with an environmental trigger prior to the onset of detectable systemic autoimmunity as reviewed by Deane and Holers (Deane and Holers, 2019). The strongest genetic association is with the MHC class II allele, HLA-DR4, supporting a role for antigen-presentation in disease (Plenge et al., 2007; del Junco et al., 1984). Polymorphisms in the HLA-DR4 allele can result in altered antigen binding to the MHC class II molecules present on the membranes of antigen presenting cell (APC) (Cruz-Tapias and Anaya, 2013). This leads to altered presentation of self-antigens to CD4 T cells resulting in their inappropriate activation and differentiation. Once these T cells, a subset of which likely recognize an intra-articular antigen (Ashouri et al., 2019), and other inflammatory immune cells enter the synovial microenvironment, arthritis is triggered. Environmental factors including smoking, stress, and hormonal changes (such as menopause) can trigger and enhance these genetic risk factors, though the precise mechanism is unclear. The reader is referred to this review (Edwards and Cooper, 2006) for more information regarding the hypotheses surrounding this topic.
During this pre-clinical phase of RA, as immune cells are activated and auto-antibodies become detectable, there is also an expansion of inflammation, marked by increasing levels of various cytokines and chemokines (Deane et al., 2010; Deane and Holers, 2019). These inflammatory pathways doubtlessly contribute to disease pathogenesis and select pathways that contribute to RA disease progression are outlined in Figure 4. Studying these final common mediators of disease have yielded breakthrough therapeutics.
[image: Figure 4]FIGURE 4 | Select signaling pathways in RA. TNF-α signaling pathways required either TNFR1 or TNFR2 trimers. Signaling via TNFR1 pathway, upon TRADD binding without TNFR2, triggers cell death by either Casp-8 or MLKL. The recruiting of TRAF2 activates multiple signaling pathway cascade activation – including MAPK, NF-kB, and PKB. IL-6 signaling can occur through either mIL-6R classic signaling and of sIL-6R trans signaling. JAK activation occurs through both signaling mechanism and activating STAT and RAS/MAPK. IL-1 signaling through IL-1R1 via MyD88 which activates IRAK4 and subsequently IRAK1 bound to TRAF6 – leading to the activation of NFkB and AP1. IL-17 binds to an IL-17RA and IL-17RC receptor dimer. The SEFIR conserved signaling domain recruits Act1, which recruits TRAF6 and subsequently activates NF-kB, MAPK, and PI3K signaling pathways. IL-15 signaling can occur through JAK/STAT activation resulting in STAT3/STAT5 heterodimer formation, or activation through SHC which then results in activating MAPK and AKT. IL-12 signaling occurs through a heterodimer receptor consisting of IL-12Rβ1 and IL-12Rβ2 which activates JAK2 and TRK2 – leading to STAT4 dimer activation. IL-18 signaling results from the recruiting of MdD88 to the IL-18Rα and IL-18Rβ heterodimer, activating IRAK4 and thus TRAF6, which subsequently activates NF-kB and MAPK pathways. IL-4 signaling occurs the JAK/STAT activation via JAK1 and JAK3 binding to the IL-4Rα and common gamma-chain, respectively. IL-10 signal transduction results from both JAK1 binding to IL-10Rα and TYK2 binding to IL-10Rβ – which activates STAT3 in homodimer form.
The Role of Cytokines and Their Receptors in RA The Role of Targeted Cytokine Blockade in RA
TNF-α
By itself, the pro-inflammatory cytokine TNF-α is not inherently destructive. It is however, a potent chemo-attractant and the primary mediator in orchestrating an inflammatory response by promoting macrophage and lymphocyte proliferation, vasodilation, vascular permeability, and the expression of adhesion molecules by endothelial cells to aid in the extravasation of monocytes and neutrophils. In RA, TNF-α induces the proliferation of synovial lining cells and increases IL-1 synthesis. TNF-α acts synergistically alongside IL-1 to enhance the destructive effects of IL-1 resulting in increased bone and cartilage damage (Henderson and Pettipher, 1989). TNF-α binding to its receptors (TNFR1 and TNFR2) upregulates multiple signaling cascades within the target cell and triggers multiple pathways, such as the pro-inflammatory NF-κB pathway, RANKL signaling to induce osteoclast activation, the extra-signal regulated kinase (ERK) signaling pathway, and proapoptotic signaling that exacerbates inflammation (Farrugia and Baron, 2016).
Regulatory T cells (Tregs) are a subpopulation of T cells that are immunosuppressive in nature, responsible for the downregulation of effector T cells. Tregs by definition express the transcription factor forkhead box P3 (FoxP3), which acts as the master regulator in the function and development of Tregs (Fang et al., 2015). TNF-α is thought to suppress the anti-inflammatory actions of Tregs by downregulating FoxP3 expression (Farrugia and Baron, 2016), resulting in enhanced autoimmunity. Importantly, TNF-α has been shown to be a key cytokine in the initiation of RA, but further progression of the disease can occur independent of this cytokine (Mori et al., 1996).
There are two classes of membrane bound TNF-α receptors, TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2). TNFR1 is present on most nucleated cells while TNFR2 expression is, for the most part, limited to immune cells (Choy and Panayi, 2001). TNFR1 mediates most of the host defense and inflammatory cellular signaling induced by TNF-α, while TNFR2 is thought to be essential in promoting T cell proliferation (Choy and Panayi, 2001).
RA patients have shown higher concentrations of soluble TNF receptors within the synovial fluid and serum, prolonging joint inflammation (Vasanthi et al., 2007). Upon binding with TNF-α, TNF receptors form a trimer, resulting in a conformational change of the cytoplasmic signaling domain. As a result, the inhibitory protein silencer of death domains (SODD) that associates intracellularly with TNFR1, is replaced with the adaptor protein TNFR1-associated death domain (TRADD). TRADD in turn recruits other proteins that mediate programmed cell death signaling and activates several pro-inflammatory pathways, including NF-kB, p38 MAP kinases, and apoptotic signaling (Chen and Goeddel, 2002).
IL-6
IL-6 is a pleiotropic cytokine produced by multiple cell types, including macrophages, monocytes, osteoblasts, bone marrow stromal cells, and fibroblasts (Akira et al., 1990; Pop et al., 2017). IL-6 plays a critical role in the pathogenesis of RA, as it is important for the maturation of B cells and thus, the production of auto-antibodies (Yoshida and Tanaka, 2014). IL-6 is also a direct stimulant of hepatocytes to promote synthesis of C-reactive protein (CRP) and is a critical regulator of CD4+ T cell differentiation and activation (Srirangan and Choy, 2010).
IL-6 plays a definitive and large role in the development and maintenance of RA symptoms. Serum taken from synovial fluid of RA patients demonstrated high expression of IL-6 (Madhok et al., 1993), and it is generally thought that IL-6 can promote joint damage and inflammation by acting on vascular endothelial growth factor (VEGF), an angiogenic mediator that promotes increases in vasculature and permeability (Nakahara et al., 2003). IL-6 plays an important role in the balance of Tregs and Th17 cells (Tanaka, 2013). IL-6 promotes Th17 cell differentiation through upregulation of the retinoid orphan receptor (ROR)γt, while inhibiting transforming growth factor-β-induced Treg differentiation (Korn et al., 2009). Th17 cells are critical for induction of tissue inflammation and destruction, which IL-6 exacerbates by offsetting the balance between Tregs and Th17 cells.
IL-6 induces cellular signaling by binding to a transmembrane IL-6 receptor (IL-6R) or a soluble form of the IL-6R (sIL-6R), which then associates and activates signal-transducing molecule gp130 through homodimerization (Taga et al., 1989). Gp130 recruits Janus kinases (JAKs), which then phosphorylate signal transducer and activator of transcription 1 (STAT1) and STAT3 to activate gene expression (Taga et al., 1989). Studies have associated IL-6’s pro-inflammatory responses with signaling through its soluble receptor, whereas signaling through its transmembrane IL-6R, IL-6’s canonical signaling pathway, is needed for its regenerative or anti-inflammatory properties(Rose-John, 2012).
IL-1
In addition to TNF-α and IL-6, IL-1 is a cytokine that is thought to play an important role in the pathogenesis of RA. IL-1 is produced predominantly by macrophages and monocytes as well as synovial fibroblasts, which is likely a critical source of IL-1 in RA (Deon et al., 2001). It acts as a potent chemoattractant, recruiting and activating lymphocytes and macrophages contributing to the inflammatory milieu. Inflammatory mediators induced by IL-1 signaling include IL-6, TNF-α, IL-8 and COX2 (Iwakura, 2002). These factors can lead to vasodilation and increased permeability of blood vessels, resulting in increased infiltration of inflammatory cells. Additionally, IL-1 can directly promote synovial cell growth, and activate synovial cells and osteoclasts to produce collagenases that induce bone and cartilage erosion (Mizel et al., 1981; Fontana et al., 1982; Saijo et al., 2002; Dayer, 2003).
IL-1A is an endogenous receptor antagonist secreted by activated monocytes and macrophages and can inhibit IL-1 signaling by binding to the IL-1 receptors (Gabay et al., 1997). In RA patients, IL-1A exists at significantly lower levels than IL-1 in the synovial fluid, likely permitting unrestrained IL-1 activity (Campion et al., 1996). Antibodies targeting the IL-1 receptor have been shown to reduce arthritis activity in animal models of RA, supporting the initial investigation of IL-1 as a therapeutic target in RA (Noack and Miossec, 2017). However, success in animal models has not translated to human studies (Buch et al., 2004; Burger et al., 2006),.
There are two membrane bound classes of IL-1 receptors (IL-1R), types I and II. IL-1R type I is expressed across a variety of cells, including macrophages, lymphocytes, endothelial cells, fibroblasts, and synovial lining cells (Sims et al., 1993). IL-1R type II is expressed in low concentrations on monocytes, macrophages, B cells, and neutrophils (Sims et al., 1993). IL-1 binds both types of receptors with equal affinities. Signaling through type I is conducted through a long cytoplasmic tail in contrast with type II, which has a short cytoplasmic tail and is not functionally active (Dripps et al., 1991). The two-membrane bound IL-1 receptors, IL-1R1 and IL-1R2, have contrasting actions. IL-1R2 does not transmit signal and instead acts a decoy receptor that can inhibit IL-1 (Iwakura, 2002). Binding of IL-1 to IL-1R type I induces a conformational change in the receptor resulting in a heterotrimeric complex composed of the ligand, receptor, and a co-receptor. Formation of this complex brings together the intracellular Toll/IL-1 receptor (TIR) domains, leading to the recruitment of MYD88 and initiation of a pro-inflammatory cascade (Dinarello, 2019).
IL-17
IL-1 and IL-6 promote the differentiation of T cells into T helper 17 (Th17) cells, a subset of T effector cells that act as a source of IL-17 (Robert and Miossec, 2018). IL-17 receptors are expressed across most cells, but the key responsive types include non-immune cells such as epithelial and mesenchymal cells – the one implicated in RA pathogenesis being IL-17A (Robert and Miossec, 2018). Binding induces the expression of inflammatory genes, cytokines such as IL-6, and chemokines (CXCL1, CXCL2, CCL20). IL-17 is a potent amplifier of the inflammatory cascades induced by TNF-α, and is thought to upregulate the expression of TNFRII in synoviocytes (Zrioual et al., 2009), contributing to local inflammatory effects in the joints. Inhibiting IL-17 or its receptor using targeted antibodies reduces disease severity in rodent models of RA (Gaffen, 2009). Despite preclinical promise, human studies of IL-17 inhibition for the treatment of RA have, to date, been largely unsuccessful. This could be related to patient disease heterogeneity (variable expression of IL-17) and general IL-17 dysregulation in RA due to the many mediators that modulate its function (with both agonist or antagonist effects) (Robert and Miossec, 2018).
IL-17 binds to its cognate receptor IL-17R, to induce the synthesis of chemokines, which in turn recruit macrophages and neutrophils to the inflammatory location. IL-17 is a potent activator of the NF-kB and p38 MAP kinase signaling cascades, binding of the ligand to the receptor recruits E3 ubiquitin ligase TRAF6 (Monin and Gaffen, 2018). TRAF6 is an adaptor protein that indirectly binds to the IL-17R through intermediary protein Act1. Activation of TRAF6 leads to the attachment of ubiquitin chains on various targets, including inhibitor of nuclear factor kappa-B kinase subunit gamma (IKK-γ) which facilitates NF-κB activation.
TNF-α, IL-6, and IL-1 are major targets of pharmaceutical intervention ranging from small molecule drugs to more recent biologics. These therapies are discussed below.
Anti-TNF-α
As TNF-α is a potent pro-inflammatory cytokine that contributes to RA disease pathogenesis, it is a natural target for pharmacological intervention. TNF inhibitors (TNFi) were among the first biologics developed that successfully reduced disease activity in patients with RA that had failed csDMARD therapies, revolutionizing the treatment of RA (Keyser, 2011). For patients that have an incomplete response or have failed csDMARD, TNFi’s are often the first choice among biologic therapies for patients with RA as they have demonstrated high clinical efficacy in treating RA (Guo et al., 2018). Differences in formulation can have implications for disease-specific treatments, though anti-TNF therapies are almost all equally effective in treating RA, and effects are maximized in the presence of MTX (Ma and Xu, 2013).
Infliximab (IFX) was the first TNFi developed for RA and it acts to neutralize the biological activity of TNF-α by binding to all its forms (Lisman et al., 2002; Monaco et al., 2015). It is composed of a human antibody backbone with a mouse idiotype. Typical administration of this therapeutic is through an IV infusion, and IFX has been shown to be relatively safe for long term usage, though there are serious potential side effects seen with all anti-TNF-a agents, most important of which includes increased infection risk (Perdriger, 2009). A black box warning exists for patients with a known history of heart disease (namely congestive heart failure), as TNFi can contribute to exacerbation of disease in the setting of poorly compensated heart failure (Lisman et al., 2002) and infections (Perdriger, 2009). Though not a high risk, patients should be monitored for the occurrence of skin cancers may experience a slightly increased risk of lymphoma (Perdriger, 2009). In addition, patients receiving repeated IFX or biosimilar infusions are at risk of developing serum sickness (Vermeire et al., 2009; Scherlinger et al., 2017). Studies have shown decreased IL-1, IL-6, IL-8 and MCP-1 inflammatory mediators with IFX treatment (Braun and Kay, 2017).
Adalimumab (Ada) is a fully humanized anti-TNF-α monoclonal antibody typically delivered through a subcutaneous route. Ada controls RA disease activity more effectively when taken together with MTX, as the two have been shown to work synergistically (Breedveld et al., 2006). Studies have shown Ada to be a potent antirheumatic therapy, with many patients entering remission with improved disease scores (Machado et al., 2013).
Etanercept is composed of an immunoglobulin backbone and two soluble human TNF receptors. It is typically administered subcutaneously on a weekly basis. Etanercept is an effective anti-rheumatic agent, with remission rates of 21% as determined by the Disease Activity Score in 28 joints (DAS28) and 10% as determined by the Clinical Disease Activity Index (CDAI) (Hetland et al., 2010).
Golimumab is a human IgG1 kappa monoclonal antibody that binds to both the soluble and transmembrane bioactive forms of TNF-α. This therapy is administered subcutaneously every 4 weeks. Short term toxicity of this agent mirrors the other TNFi’s, however studies are needed to further investigate the long-term implications (Braun and Kay, 2017).
Certolizumab is a monotherapy of humanized antigen binding fragment of a monoclonal antibody bound to polyethylene glycol and is the only PEGylated anti-TNF-α biologic currently available to date (Goel and Stephens, 2010; Choy et al., 2012). Certolizumab is injected subcutaneously on a monthly basis, and though approved as a monotherapy by the FDA, it can also be used concomitantly with DMARDs for the treatment of severe RA (Goel and Stephens, 2010; Choy et al., 2012). In addition to having minimal side effects and in contrast to other TNFi’s, certolizumab is highly competitive in cases where pregnancy must be considered, given that it lacks the Fc region required for active transport across the placenta and therefore theoretically safer for use during pregnancy (Kaushik and Moots, 2005; Goel and Stephens, 2010).
Anti-IL-6
The pleiotropic cytokine IL-6 is thought to contribute to the differentiation of Th17 cells in human RA and targeting the IL-6R with clinically used humanized monoclonal antibodies leads to RA disease improvement (Fleischmann et al., 2013). Tocilizumab (TCZ) is an FDA approved humanized monoclonal antibody that targets the IL-6 receptor (IL-6R) on cell surfaces and in circulation for the treatment of RA. In RA, IL-6 can stimulate inflammation and increased bone resorption through the IL-6 receptors, making it an excellent target for pharmacological intervention. TCZ is available as an IV infusion or as a subcutaneous injection (Kaneko, 2013). There are several side effects associated with TCZ therapy, including increased risk of infection, increased retention of lipids, and the formation of life-threatening GI perforations in patients with GI diseases due to inhibition of gut wound healing activity (Kaneko, 2013; Gale et al., 2019). The LITHE phase III clinical study of TCZ found that RA patients treated with tocilizumab monotherapy had significantly better outcomes than MTX monotherapy in the context of structural joint damage as determined via the Genant-modified Total Sharp Score and the Health Assessment Questionnaire – Disability Index (Fleischmann et al., 2013). Tocilizumab is used for the treatment of moderate to severe RA disease activity in individuals who have either not responded to, or did not tolerate, more conventional treatments such as use of MTX (Jones et al., 2010; Fleischmann et al., 2013).
Sarilumab, another IL-6R inhibiting humanized monoclonal antibody approved by the FDA for the treatment of RA, demonstrated significant clinical improvement in American College of Rheumatology 20/50/70 response rates, Health Assessment Questionnaire, Disability Index, and Clinical Disease Activity Index remission in a phase three study when compared to adalimumab (Burmester et al., 2017), Administered via subcutaneous injection every two weeks, sarilumab shows high efficacy with only a slightly elevated risk of adverse events – the most common being injection site reactions and neutropenia (Burmester et al., 2017). Sarilumab is currently approved for the treatment of moderately to severely active RA in people who have either not responded to, or did not tolerate, more conventional treatments (McCarty and Robinson, 2018).
In addition to the two FDA approved IL-6R inhibitors, several other antibody-based biologics are currently undergoing clinical trials for the treatment of RA including olokizumab, levilimab, sirukumab, and clazakizumab (Tanaka and Martin Mola, 2014; Mease et al., 2016).
Anti-IL-1
Anakinra (Table 1), administered as a daily injectable, was the first IL-1 receptor antagonist on the market and FDA approved to treat RA (Mertens and Singh, 2009a). Targeting IL-1 for RA has been shown to reduce disease symptoms in some patients compared to placebo (Mertens and Singh, 2009b) and in combination with MTX compared to MTX alone (Cohen et al., 2002), however, the improvements were relatively modest in a large double-blind randomized control study, in contrast to the findings of TNF-a inhibitors (Bresnihan et al., 1998). This was thought to be, at least in part, due to anakinra’s short half-life (Campion et al., 1996). Additionally, a large excess of IL-1RA is required to block the effect of IL-1 (Arend et al., 1990; Dripps et al., 1991; Gabay et al., 1997). Side effects associated with this agent include injection site reactions, allergic reaction, and infection of the upper respiratory tract (Genovese et al., 2004; Mertens and Singh, 2009a). Interestingly, administration of this therapy showed improved cardiac contractility (England et al., 2018). Other inhibitors targeting the IL-1 pathway have been identified for potential applications in RA (e.g., rilonacept and an IL-1 converting enzyme inhibitor, pralnacasan), however, results to date have not demonstrated a robust clinically beneficial response (Terkeltaub et al., 2013).
The Role of Other Cytokines and Their Receptors in RA
Other cytokines (e.g., IL-15, IL-12, IL-18, IL-14, and IL-10) have been or are currently being explored in RA and RA therapy development. However, these targets have not been studied or utilized to the same extent as the above listed cytokines. For this reason, we are not covering them and their associated therapies in this review. To find out more about these cytokines please refer to the following literature: IL-15 (McInnes et al., 1996; McInnes and Liew, 1998; Ruchatz et al., 1998; Ogata et al., 1999; Ziolkowska et al., 2000; Waldmann, 2004); IL-12 and IL-18 (Presky et al., 1996; Joosten et al., 1997; Gracie et al., 1999; Dinarello et al., 2013); IL-4 and IL-10 (Cush et al., 1995; Joosten et al., 1997; Lubberts et al., 1998; Nelms et al., 1999; Shouval et al., 2014).
JAK-STAT Signaling and Its Role in RA
The Janus kinase (JAK) – signal transducer and activator of transcription (STAT) pathway allows for the transferring of signals from cell membrane receptors to the nucleus (Seif et al., 2017). The JAK-STAT pathway plays a critical role in the development of the immune system and polarization of helper T cells (Seif et al., 2017). It mediates signaling by growth factors, chemokines and cytokines such as interleukins, interferons, hormones, and colony-stimulating factors via their cognate receptors (Fragoulis et al., 2019). These receptors associate with JAKs (Fragoulis et al., 2019). The JAK-STAT pathway plays a major role in the pathogenesis of RA and other immune-mediated diseases (Fragoulis et al., 2019). Pharmaceutical drug companies have developed therapeutics to target the JAK-STAT pathway for treatment of RA, primarily comprising of JAK inhibitors, also known as JAKi (Fragoulis et al., 2019).
Four different JAKs are found in humans: JAK1, JAK2, JAK3, and TYK2 (Seif et al., 2017). Each JAK includes four domains: N-terminal FERM domain, SH2 (Src Homology 2) domain, pseudokinase domain, and the conserved Protein Tyrosine Kinase (PTK) domain (Seif et al., 2017). The N-terminal FERM domain plays a large role in protein-protein interactions, and consists of three subdomains F1, F2, and F3. The SH2 domain mediates dimerization and activation of STATs (Seif et al., 2017). SH2 domains consist of nearly 100 amino acid residues, which bind to phosphotyrosine residues (Seif et al., 2017). The pseudokinase domain has no apparent catalytic functions but has regulatory roles (Seif et al., 2017). The fourth domain is the conserved PTK domain, which mediates phosphorylation of tyrosine residues located in downstream substrates (Seif et al., 2017). The conserved PTK domain at the C-terminus is made up of about 250–300 amino acid residues that form the catalytic region including the binding sites for substrates and ATP as the phosphate donor (Seif et al., 2017).
Seven different STATs exist in humans: STAT1, STAT2, STAT3, STAT4, STAT5A, STAT5B, and STAT6 (Seif et al., 2017). Each STAT includes four important domains: the unique N-terminus region, the coiled-coil domain, the DNA binding domain, and the trans-activation domain (Seif et al., 2017). The unique N-terminus region regulates STATs through the use of tetramer formation or tyrosine dephosphorylation. The coiled-coil domain plays a role in nuclear export and protein-protein interactions, both of which are critical for STATs to promote transcription (Seif et al., 2017). In order to bind to specific genes in the nucleus, STAT utilizes its DNA-binding domain. This domain recognizes the TTCN3-4GAAA sequence on the targeted gene and mediates sequence-specific binding. Lastly, the trans-activation domain is responsible for recruitment of specific proteins, specifically DNA polymerase II or histone deacetylases. The trans-activation domain is found in the C-terminus region and is made up of a conserved tyrosine amino acid residue (Seif et al., 2017).
One important feedback loop that is thought to be a major driver of RA pathogenesis is STAT3 (Krause et al., 2002; Ye et al., 2015). STAT3 is activated by a number of upstream cytokines including many from the IL-6 cytokine family, which associate with JAK1/2 and TYK2. STAT3 is also found to be constitutively active in RA synovial inflammation. One proposed mechanism of RA pathogenesis begins by either direct or indirect STAT3 activation by proinflammatory cytokines including IL-6, TNF-α and IL-1β. STAT3 activation then leads to increased expression of IL-6 family cytokines, inducing a positive feedback loop (Oike et al., 2017; Degboe et al., 2019). This group has also shown that genetic or pharmacological inhibition of STAT3 can decrease both inflammation and bone erosion in animal models. STAT3 also induces the cytokine Receptor Activator of NF-κB Ligand (RANKL). RANKL is a member of the TNF superfamily. It acts as the primary regulator of bone resorption and osteoclast formation (Papadaki et al., 2019). RANKL induces osteoclastogenesis, and differentiation of osteoclasts. Activation of RANKL is induced either directly or indirectly by IL-1β, IL-17, and TNF-α. Activated RANKL binds to Receptor Activator of NF-κB (RANK) of osteoclast precursors which then leads to bone erosion (Mori et al., 2011; Tanaka, 2019). In an animal model of RA in which TNF-α is overexpressed, absence of functional RANKL caused attenuation of the arthritic phenotype. Over expression of RANKL in the same mouse model accelerated onset of a severe RA phenotype (Papadaki et al., 2019). Additionally, the monoclonal antibody denosumab, targets RANKL and in clinical trials prevented bone erosion. However, the inflammation and other symptoms of RA remained, suggesting inhibition of RANKL is best used in conjunction with other anti-rheumatic therapies (Tanaka, 2019). The proposed delivery of drugs like MTX via mesenchymal stem cells proposed below could benefit from co-administration with an anti-RANKL medication to aid in cessation of bone erosion.
Development of effective STAT inhibitors can be both informed and complicated by the pathology of RA and the specific targeted STAT isoform or cell type. For example, STAT3 promotes cell survival and inflammation in lymphocytes and synovial fibroblasts, but in macrophages it is anti-inflammatory. This could present a cell type specific therapeutic target. STAT1 may also play a pathogenic or protective role in RA pathogenesis, depending on cell type and disease progression. However, in contrast to STAT3, STAT1 may increase expression of inflammatory genes in non-proliferating cells like macrophages but promote apoptosis and stop growth in lymphocytes and fibroblasts. Although development of STAT inhibitors may be challenging, they could be an important therapeutic target for RA moving forward (Oike et al., 2017). These examples illustrate the complexity of JAK/STAT signaling in RA, the potential pitfalls for drug development and the promise for more effective therapies targeting these pathways in RA and related autoimmune diseases.
JAK-STAT signaling begins with the binding of an extracellular ligand to its cognate receptor, which typically leads to conformational changes and tyrosine phosphorylations that result in the recruitment of JAKs to the intracellular signaling component of the receptors (Cronstein, 2005). (Harrison, 2012). Once JAKs associate with the receptor, they phosphorylate each other (Harrison, 2012). The JAKs further phosphorylate STATs, cytokine intracellular signaling domains of the receptors, as well as other downstream substrates (Harrison, 2012). STAT phosphorylation results in their activation and allows them to enter the nucleus where they are then able to induce transcription. STATs can bind as dimers as well as complex oligomers to target genes. In this way, the JAK-STAT pathway allows for control over transcription (Harrison, 2012). The aforementioned domains associated with both JAK and STAT play key roles during this pathway process and together allow for complex control over the movement of signals from the cellular membrane to the nucleus, and ultimately, for regulation over transcription to occur.
JAK-STAT Inhibitors in RA
Tofacitinib was the first small molecule, reversible, non-selective JAKi FDA approved for the treatment of RA. It is slightly more selective for JAK1 and JAK3 compared to JAK2 and TYK2. The structure of tofacitinib and most JAKi’s mimics the adenosine portion of ATP and competitively binds to the ATP binding site in the tyrosine kinase domain. This binding inhibits the phosphorylation and activation of JAKs and the downstream phosphorylation and activation of STATs. As a result, cytokine production is decreased and the immune response dampened (Hodge et al., 2016). Tofacitinib was first approved for use in RA patients with inadequate response to MTX, the first line therapy for RA. Its approval had great impact in the advancement of RA therapeutics, as it identified a targeted, disease modifying immunomodulating therapeutic that can be used alone or in conjunction with DMARDs to benefit patients with poor response to traditional RA strategies (Kwok, 2014). Baricitinib, which was created based on the structure of tofacitinib, is a pan-selective JAK inhibitor as well, but with increased selectivity towards JAK1/2, moderately selective for TYK2 and much less so for JAK3 (Ghoreschi et al., 2011). Baricitinib demonstrated high efficacy and statistically significant improvements in patient joint pain compared to both placebo and adalimumab control groups in its phase III clinical evaluation (Keystone et al., 2017).
JAKi, as is the case with any immunomodulatory drug, can increase the risk of infections. Clinical trials for tofacitinib saw an increase in moderate infections like upper respiratory infections and viral gastroenteritis, and some cases of more serious infections like pneumonia and tuberculosis (Grigoropoulos et al., 2019; Itamiya et al., 2020). Most notably, the risk of varicella zoster virus reactivation seems to be increased compared to other immunomodulatory biologic agents (Itamiya et al., 2020). Other side effects of JAKi include cytopenias, anemias, and thrombocytopenia, as well as the potential for malignancy (Ghoreschi et al., 2011).This risk is thought to be due to JAK2 specific inhibition, as the cytokine receptors for erythropoietin and thrombopoietin signal through JAK2. Lipid profiles are also altered with JAKi treatment. For example, tofacitinib raises high density lipoprotein (HDL) and low-density lipoprotein (LDL) levels, but the mechanism is still unclear (Schwartz et al., 2016).
In an attempt to limit adverse events, more selective JAK inhibitors have been developed such as JAK3 selective inhibitors with promising efficacy and a concomitant reduction in side effects. One such JAK3 selective inhibitor was decernotinib, which made it through phase II trials for RA and has a five-fold greater selectivity for JAK3 compared to other JAKi’s (Gadina et al., 2016). JAK3 is only associated with Type I receptors of the common γ chain subgroup: IL-2, IL-4, IL-7, IL-9, IL-15, IL-21. These target T-cell proliferation and survival, memory, and regulatory cell function, as well as B-cell function and NK-cell activity (Conklyn et al., 2004; Soldevila et al., 2004; Chiossone et al., 2007; Robinette et al., 2018). JAK3 is primarily expressed in lymphocytes and within the hematopoietic system. Therefore, JAK3 selective inhibitors were thought to be promising drugs for RA as their effects would be limited to immune cells, and could mitigate other off-target side effects. The clinical trials for decernotinib showed promising efficacy and seemed to decrease anemia but had similar safety profiles and rates of infection compared to previous JAKi’s. Decernotinib development is currently no longer being actively pursued despite its positive clinical trial results due to decernotinib’s parent company, Vertex Pharmaceuticals, seeking opportunities for global development (Gadina et al., 2016; Westhovens, 2019).
JAK1 selective inhibitors are also an active area of RA drug development. The SELECT Phase III clinical trials evaluated the efficacy of the JAK1 inhibitor upadacitinib, now marketed as Rinvoq. SELECT-EARLY, SELECT-MONOTHERAPY, SELECT-COMPARE, SELECT-NEXT, and SELECT-BEYOND assessed upadacitinib with and without MTX or csDMARDS, and in total about 30% of patients achieved remission (Brooks, 2019). The development of upadacitinib illustrates some of the difficulties in designing JAK1 selective inhibitors. Upadacitinib was first described as ABT-494, a second-generation JAK1 selective inhibitor designed to exploit interactions outside of the ATP-binding site (Parmentier et al., 2018). ABT-494 was shown to be active against JAK1 (IC50: 47 nM) and JAK2 (IC50: 120 nM), but not JAK3(2304 nM) (Parmentier et al., 2018). However, it was found to be over 60-fold more selective for JAK1 over JAK2 when comparing IL-6 and Oncostatin M (OSM) induced STAT3 phosphorylation in TF-1 cells (a measure of JAK1 inhibition) over erythropoietin-induced STAT5 phosphorylation in UT-7 cells (a measure of JAK2 inhibition). It was presumed that this improved selectivity would abate potential off-target effects as intimated by similar IC50s for both JAK1 and JAK2. Though ultimately efficacious at both 15 mg and 30 mg, dose-dependent side effects emerged: In the SELECT-BEYOND trial, some patients receiving the highest dosages (30 mg/day) experienced a reduction in hemoglobin levels and subsequent anemia characteristic of JAK2 inhibition (Genovese et al., 2018). Thus, in this case efficacy was equal between lower and higher doses suggesting clinical usage requires careful balance between potency versus selectivity.
Filgotinib is currently being developed by the small molecule drug company Galapagos in collaboration with Gilead. Filgotinib, or GLPG0634, is a triazolopyridine JAK1-selective JAKi (Table 1) designed via a “screening cascade” to avoid JAK2 inhibition and subsequent hematopoiesis, a process which ultimately resulted in about 27-fold selectivity for JAK1 over JAK2 (Menet et al., 2014). Filgotinib is not yet on the market, but has undergone a multitude of clinical trials (Inc GS, 2019). The Phase II trials DARWIN I and II, demonstrated safety and efficacy with and without MTX for 12 weeks (Kavanaugh et al., 2017; Tarrant et al., 2020). A follow-through study named DARWIN III extended the treatment to 156 weeks and found 40% receiving monotherapy and 45% receiving combination therapy with MTX achieved ACR70, and 89.7% and 87.2% achieved ACR20 respectively (Campbell, 2019; Inc GS, 2020). The subsequent FINCH trials incorporate biologic therapies into the trials (Gallopagos, 2017). FINCH 1 examines filgotinib vs adalimumab vs placebo in patients that failed MTX. FINCH 2 examines filgotinib’s efficacy in patients that failed at least one biologic. FINCH 3 examines filgotinib as a first line therapy. The results of FINCH 2 concluded that a 12-week time course in filgotinib could improve ACR20, and that the most common adverse event was nasopharyngitis (the common cold) (Genovese et al., 2019), demonstrating value for JAK1 inhibitors in patients with poor response to adalimumab. In all, trials found that filgotinib could improve the RA disease score (ACR) and treatment response in patients who failed, or lacked a complete response to csDMARD therapies.
T Cell Modulation in RA
As previously mentioned, CD4 T cells are known to play a role in RA disease pathogenesis. Their activation is an early event in the inflammatory process. Activation of the inflammatory cascade and production of inflammatory mediators results in inflammatory joint pain and damage. T cells require two signals for full activation: 1) signaling via the T cell antigen receptor (TCR), and 2) co-stimulatory signaling (e.g. through the T cell costimulatory receptor CD28). Interrupting T cell activation has therefore been explored as a therapeutic intervention for RA management (Maxwell and Singh, 2009).
Abatacept is a recombinant fusion protein biologic. It selectively inhibits T cell activation by binding costimulatory ligands CD80 and CD86, preventing their association with costimulatory receptor CD28, present on T cells (Maxwell and Singh, 2009; Blair and Deeks, 2017).
Abatacept has been highly studied in the clinical context of RA and was approved by the FDA in 2005 for the treatment of moderate to severe RA for adult patients who have not responded adequately to csDMARDs or TNF-α inhibitors. A Cochrane review of seven double blind randomized controlled clinical trials examining abatacept’s ability to treat RA demonstrated its high efficacy both as a monotherapy and in addition to other RA directed therapies (e.g., csDMARDs and biologics (Maxwell and Singh, 2009). The Cochrane review found groups treated with abatacept were significantly more likely to achieve an ACR50 response at one year, show significantly decreased disease activity, and demonstrate significantly improved physical functionality compared to placebo (Maxwell and Singh, 2009). Joint damage has also been determined to be significantly slowed in abatacept exposed groups compared to placebo as determined by radiographic progression at 12 months via a randomized control trial (Kremer et al., 2006). Cochrane review also determined that total adverse events and serious infections were greater in abatacept groups compared to placebo, and serious adverse events were only increased when given in addition to other biologics. Taken together, these studies have demonstrated that abatacept is effective and safe for the treatment of RA (Maxwell and Singh, 2009), and have successfully established it as an important therapeutic option for patients with RA who continue to experience disease activity despite csDMARDs and anti-TNFa therapies.
B Cell Depletion and RA
The precise role of B cells in the pathogenesis RA is still somewhat controversial and not well understood. Several potential mechanisms of action have been proposed including B cell antigen presentation to autoreactive CD4+ T cells resulting in their activation, and B cell production and secretion of pathogenic autoantibodies (RF and anti-cyclic citrullinated peptide – CCP), proinflammatory cytokines and chemokines (Takemura et al., 2001; Dorner and Burmester, 2003; Shaw et al., 2003). Thus, B cell depletion has been used in the treatment of RA.
Rituximab (Shaw et al., 2003) is a chimeric monoclonal antibody reactive against human CD20, a B cell specific surface antigenic phosphoprotein, that acts to deplete B cell populations. Rituximab promotes B cell lysis or apoptosis as the result of recruiting macrophages, NK-cells, and monocytes via Fcγ receptor binding to B cell surface CD20 (Anderson et al., 1997; Clynes et al., 2000). In addition, CD20 binding by rituximab generates a membrane attack complex by complement dependent cytotoxicity induced by the complexing of rituximab with CD20 and C1q, resulting in B cell depletion (Reff et al., 1994; Weiner, 2010).
Initially approved for non-Hodgkin’s lymphoma (NHL), rituximab was first suggested as a potential RA therapeutic after RA remission was observed in patients treated for NHL that had coexisting RA (Shaw et al., 2003). After the results of a small scale exploratory open label study showed a positive impact (Edwards and Cambridge, 2001), a large randomized, controlled, double-blind study to evaluate rituximab efficacy in RA was conducted (Edwards et al., 2004), in which significantly more individuals reached ACR20 in all groups that received rituximab, either alone or in combination with either MTX or cyclophosphamide, compared to groups that received MTX alone at 24 and 48 weeks post either a single course or double infusion dosage (Edwards et al., 2004). Significantly more individuals achieved ACR20 and ACR50 in MTX and rituximab treated groups compared to MTX and placebo groups in the phase III REFLEX clinical trial (Keystone et al., 2012). In addition, rates of infection, adverse events, and serious adverse events remained comparable across all treatment groups – indicating no increased safety risk both initially and over time (Keystone et al., 2012). These results led to the FDA’s approval of rituximab in 2006 for individuals with moderate to severe RA whom demonstrated an inadequate response to TNF-α inhibitors. It is now readily available and not infrequently used in the management of RA.
Dendritic Cell Vaccination as a Targeted Therapeutic for RA
There is currently no therapy on the market that has achieved antigen specific repression for controlling RA symptomology, and drug interventions have not induced long term remission or restoration of self-antigen immune tolerance – therefore lifelong treatments are typically required for RA (Thomas, 2013).
A critical component of autoimmunity is loss of tolerance to self-antigens. Tolerance mechanisms, both central and peripheral, exist to suppress self-reactive T-cells to maintain tolerant cell states, avoiding long terms effects of autoimmunity through modulation by NK-cells and T-cell populations (i.e. Tregs) (Thomas, 2013). The idea that autoreactive immune cells, which respond to and become activated by self-antigens (such as those related to RA), could potentially be eliminated via tolerizing immunotherapies is currently being explored. If successful, tolerizing immunotherapies could have the capacity to regulate and suppress autoreactive T cells without compromising off-target cell populations (Hilkens and Isaacs, 2013; Thomas, 2013). There are several approaches to stimulate this suppressive effect, including both in situ and ex vivo tolerization efforts. Although the original trend of tolerization research was to use direct dosing of proteins primarily through oral applications, recent endeavors have focused on ex vivo manipulation of dendritic cells, which are essential for the induction and maintenance of immune cell tolerance (Kavanaugh et al., 2003; Hilkens and Isaacs, 2013).
Oral Tolerization
Attempts to stimulate this effect in situ through oral/mucosal or skin-based antigen application have been pursued with a variety of peptides, but have had varied success in clinical trials in the context of autoimmune disease, despite ease of introduction, the peptides being incredibly well tolerized, and positive outcomes in allergy desensitization.
Oral tolerization of collagen type II demonstrated early clinical efficacy in a three month-long double-blind clinical trial involving 60 patients with severe RA (Trentham et al., 1993). After being fed chicken type II collagen daily over the experimental period, patients experienced a decrease in joint sensitivity and swelling (Trentham et al., 1993).
In another phase II clinical trial, oral administration of JP1, a bacterial heat shock peptide with high sequence identity to the shared epitope sequence of a pathogenic RA autoimmune inflammatory protein encoded by human leukocyte antigen class II alleles (HLA-DR SE) in RA, resulted in a qualitative change from proinflammatory to a tolerogenic phenotype, and, in post hoc analysis, suggested a potentially synergistic effect when combined with HCQ in (Koffeman et al., 2009).
Though the results of these trials were quite promising, as measurable induction of regulatory populations and general immune deviations towards less pathogenic cytokine secretion were documented, significant long-term clinical efficacy was not achieved and motivates further study (Kavanaugh et al., 2003; Koffeman et al., 2009; Thomas, 2013). Several reasons have been cited for these therapies’ limited clinical benefits including narrow antigen dose window, the varied capacity of Tregs to suppress self-antigen cytokine production, the interference of microflora at mucosal interfaces with antigen presentation, and that activated autoimmune T cells are more resistant to tolerizing mechanisms than naïve T cells (Thomas, 2013).
Ex-vivo Tolerization
To usurp in situ limitations, dendritic cells and their precursors can be isolated from peripheral blood or removed from tissues, such as bone, for manipulation in vitro so autoantigens can be presented with higher fidelity. Ex vivo manipulation appears to increase the capability of dendritic cells to eliminate auto-antigen-specific T cells and activate Treg cells before being reintroduced in vivo (Harry et al., 2010; Thomas, 2013). This method, due to promising in vitro and preclinical model results, has led to the development of several clinical tolerogenic dendritic cell preparatory protocols and the execution of a clinical trial focusing on this as a cell therapy (Ahmed and Bae, 2016).
Cells used in this capacity for clinical application have general preparation guidelines spelled out by Good Manufacturing Practice of harvesting and cell culturing with several drugs and/or factors that support directed suppression against RA (Harry et al., 2010).
The first clinical trial of tolerogenic dendritic cells for the treatment of RA was rheumavax – which showed highly promising safety and efficacy data in patients with early RA. The tolerogenic T cells were isolated and treated with a modified NF-κB inhibitor and exposed to 4 RA associated peptide antigens before being reintroduced to a patient with RA (Benham et al., 2015). After a single injection, there were measurable increases in Treg cells and decreases in pathogenic T cells.
Although the challenges facing this branch of therapeutics are the same as any autologous cell therapy, such as standardization protocols for personalized medicine treatments and designing adequate controls, these results are very promising in the continued development of autologous cell therapies for targeted autoimmune repression (Thomas, 2013).
Nanoparticle Drug Delivery Systems for RA
Nanoparticles are ultrafine colloidal particles with diameters in the size range of 1–1000 nm (Mohanraj and Chen, 2006). Nanoparticles and other nanomaterials have a wide range of applications in medicine both in diagnostics, such as magnetic resonance imaging (MRI) contrast agents, and in therapeutics as drug delivery vehicles (Fang and Zhang, 2010). Nanoparticles offer several benefits for delivery of drugs to specific sites at optimal rates and doses. Nanoparticles can help optimize the pharmacokinetics of drugs by enabling spatially and temporally controlled drug delivery (Owens et al., 2006). Nanoparticles can be used for targeting specific cell types and can improve drug circulation time by protecting drugs from degradation and by allowing sustained release.
The chemical and physical properties of nanoparticles such as material, size, and surface coatings greatly affect their potential biomedical applications (Stevenson et al., 2011). Nanoparticles can be produced from several materials including metals, polymers, silica, phospholipid bilayers, liposomes, and inorganic dyes. Nanoparticle size can be controlled through the fabrication process and can be used to control uptake by cells, drug loading, and drug release rates (Mohanraj and Chen, 2006). Nanoparticle surface coating is important for biocompatibility, can be used for cell targeting, and is important for controlling the clearance of nanoparticles. Nanoparticle coatings with functionalized surface groups permit the conjugation of drugs as well as the targeting of cells - such as in folate acid coated particles that target activated macrophages expressing folate receptor β (FRβ) (Nogueira et al., 2016).
Nanoparticles are being investigated as drug carriers for treatment of RA and have been combined with many of the common therapeutics including NSAIDs, glucocorticoids (GCs), csDMARDs, and biologics (Pham, 2011).
NSAIDs were once widely used in RA due to their analgesic and anti-inflammatory effects. However, variable differences in efficacy and side effects at high doses have limited the long-term use of NSAIDs in RA. The combination of NSAID with nanoparticles is being explored as a possible solution to overcome these limitations (Pham, 2011). Polymeric nanocapsules were prepared with a polysorbate coating, which prolongs circulation time by delaying the binding of plasma proteins (Bernardi et al., 2009). The nanocapsules were loaded with indomethacin and exhibited potent anti-inflammatory effects in an adjuvant-induced model of chronic arthritis, as evidenced by markedly depressed serum levels of pro-inflammatory cytokines TNF-α and IL-6 and enhanced levels of the anti-inflammatory cytokine IL-10 (Bernardi et al., 2009). An iron/ethylcellulose (core/shell) nanoparticle loaded with the NSAID diclofenac allowed for high drug loading capacity and prolonged drug release while also permitting targeting of diclofenac to inflamed joints under the guidance of an external magnetic field (Arias et al., 2009).
GCs are fast acting anti-inflammatory compounds but are rapidly cleared following systemic administration resulting in the need for high and frequent dosing, which increases the risk of adverse effects (Pham, 2011). Nanoparticles are being used for controlled release of GCs to improve circulation time and reduce dosing frequencies. PEG-liposomes (∼100 nm in size) encapsulating the GC prednisolone remained in circulation with a half-life of 50 h. A single systemic administration of this preparation led to complete reversal of paw inflammation within 2 days of injection in mice with adjuvant-induced arthritis (AIA). This effect lasted 2 weeks and therapeutic activity was observed at GC doses 100-fold lower than that of unencapsulated GC (Metselaar et al., 2003). Linear cyclodextrin polymer (CDP) nanoparticles conjugated with α-methylprednisolone (MP) were shown to be effective in reducing arthritis in murine CIA at doses up to 100-fold lower than free MP using weekly injections (Hwang et al., 2008).
NPs made from the biocompatible polymer poly(lactic-co-glycolic acid) (PLGA) and targeted with the arginine–glycine–aspartate (RGD) peptide sequence. RGD is a sequence of extracellular matrix and other proteins that binds to αvβ3 integrin and other αv- integrins. Such NPs have been used for STAT1 siRNA delivery leading to regress of RA in mouse models by silencing STAT1 leading to an increase in expression of IL-10 mRNA (Scheinman et al., 2011). In one study, tocilizumab-loaded hyaluronate-gold nanoparticles (HA-AuNP/TCZ) targeted with a monoclonal antibody against IL-6 were tested in CIA mice showing an antiangiogenic effect (Lee et al., 2014).
Nanoparticles in combination with various drugs have been investigated for treatment of RA with drug-particle combinations consistently showing marked improvement over free drug alone. By carefully selecting the chemical and physical properties of nanoparticles it is possible to create an efficient drug delivery system for a selected drug of choice. The use of nanoparticles has great potential in RA when combined with previous drug therapies or for combination with as of yet unexplored drug therapies.
Prospective Novel RA Therapy: Mesenchymal Stem Cell Drug Delivery
Currently, csDMARDs, such as MTX, and biologic therapies are the mainstay of RA treatment. However, these treatments can have severe side effects including nausea, fatigue, and headache. Localized release via a drug delivery vehicle could provide greater spatiotemporal control over the drug to maximize efficacy at the inflamed joint while minimizing unwanted dose-dependent off-target side effects. This therapy would rely on a robust delivery method to the inflamed joint and the use of a biomaterial that can release the drug over several weeks. We propose to utilize mesenchymal stem cells (MSCs) as a “shuttle” to the inflamed joint to deliver polymeric poly (lactic-co-glycolic acid) nanoparticles loaded with MTX.
MSCs as a Drug Delivery Shuttle
MSCs are multipotent cells that can be harvested from many different tissues such as bone marrow, adipose tissue, or umbilical cord tissue. These cells alone have the potential to treat inflammatory diseases through their anti-inflammatory properties including exosome, cytokine, and growth factor secretion (Ren et al., 2012). Furthermore, MSCs have been observed to migrate to sites of inflammation after injection (Rustad and Gurtner, 2012). This unique property has strong potential to be utilized as a “shuttle” for this drug delivery approach. An anti-inflammatory drug (e.g., MTX) could be loaded into a slow-release nanoparticle formulation. These nanoparticles can be conjugated onto the surface of the MSCs before injection. Furthermore, the MSCs could further promote immunosuppression through their excreted growth factors and cytokines that may synergize with the drug. A similar delivery system has been developed by Xia et al. although not for use in RA (Xia et al., 2019). The MSCs, with their drug “backpacks” can home to sites of joint inflammation to deliver the biomaterial drug cargo. The released biomaterial could then act as a slow-releasing drug depot within the joint.
Poly (Lactic-Co-Glycolic Acid) Nanoparticles as a Biomaterial Drug Carrier
An ideal material for delivery to the inflamed RA-affected joint must have tunable release kinetics and strong biocompatibility. We propose to use PLGA, a widely used FDA-approved biomaterial for this arthritis therapy. PLGA can be formulated into nanoparticles through a simple oil-in-water emulsion with loaded drugs. The drug release kinetics can be tunable from the scale of days to months based on the lactic/glycolic acid ratio and molecular weight of the polymer (Amann et al., 2010). The nanoparticles typically are cleared by the liver and kidney, with the material itself being highly biodegradable with no toxic effects (Rempenault et al., 2018). Recently, it has also been discovered that PLGA has latent immunosuppressive effects, likely due to release of lactic acid upon degradation (Allen et al., 2018). This property could further reduce inflammation at the target joint site.
Site-Specific Cleavable Linker for Targeted Release
To create a long-lasting drug release depot, the nanoparticles must stay at the site of inflammation for weeks to months. However, previous work has shown that MSCs only survive in the body for 24 hr after intravenous injection (Eggenhofer et al., 2012). To circumvent this issue, we propose a cleavable peptide linker could be used to tether the PLGA nanoparticles to the shuttle MSCs. Matrix metalloprotease enzymes (MMPs) are found in abundance at the site of RA-affected joints (Rengel et al., 2007). The cleavable linker will contain a GPVGLIGK peptide designed by Zhang et al. (Zhang et al., 2016) for MMP-2 and MMP-9 both found in inflamed RA synovial fluid. This therapy could allow injected MSCs to shuttle MTX-loaded PLGA nanoparticles to the inflamed joints, where the peptide linker would be cleaved by disease-specific MMPs at the target delivery site thereby release the drug releasing nanoparticles.
CONCLUSION
Treatment for RA has made many advances in the decades since the approval of MTX for RA in 1988. While MTX to date remains the first line treatment for patients with RA, a new class of advanced biologics in the form of antibody therapies has made great leaps forward in precisely targeting a myriad of pathways to robustly alleviate joint inflammation. Additionally, the next generation of JAK inhibitors is gaining FDA approval, offering even more options for patients to control RA symptoms. Despite these advances, many patients still have incomplete control of their RA or face side effects that they cannot easily live with. As our understanding of RA grows and we appreciate the mechanisms that cause individual variance of RA symptoms and treatment effects in patients, RA therapies will continue to become more precise, either through improved administration methods or with individualized targeted therapies. This precision medicine approach to rheumatic diseases such RA and other autoimmune diseases may one day resemble tailored therapy regimes now common in the field of oncology, achieving a patient-specific standard of care to yield optimized efficacy with minimal occurrence of side effects.
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The Chinese herb couple Fuzi and Ganjiang (FG) has been a classic combination of traditional Chinese medicine that is commonly used clinically in China for nearly 2000 years. Traditional Chinese medicine suggests that FG can treat various ailments, including heart failure, fatigue, gastrointestinal upset, and depression. Neuroinflammation is one of the main pathogenesis of many neurodegenerative diseases in which microglia cells play a critical role in the occurrence and development of neuroinflammation. FG has been clinically proven to have an efficient therapeutic effect on depression and other neurological disorders, but its mechanism remains unknown. Cancer-related fatigue (CRF) is a serious threat to the quality of life of cancer patients and is characterized by both physical and psychological fatigue. Recent studies have found that neuroinflammation is a key inducement leading to the occurrence and development of CRF. Traditional Chinese medicine theory believes that extreme fatigue and depressive symptoms of CRF are related to Yang deficiency, and the application of Yang tonic drugs such as Fuzi and Ganjiang can relieve CRF symptoms, but the underlying mechanisms remain unknown. In order to define whether FG can inhibit CRF depression-like behavior by suppressing neuroinflammation, we conducted a series of experimental studies in vitro and in vivo. According to the UPLC-Q-TOF/MSE results, we speculated that there were 49 compounds in the FG extraction, among which 30 compounds were derived from Fuzi and 19 compounds were derived from Ganjiang. Our research data showed that FG can effectively reduce the production of pro-inflammatory mediators IL-6, TNF-α, ROS, NO, and PGE2 and suppress the expression of iNOS and COX2, which were related to the inhibition of NF-κB/activation of Nrf2/HO-1 signaling pathways. In addition, our research results revealed that FG can improve the depression-like behavior performance of CRF model mice in the tail suspension test, open field test, elevated plus maze test, and forced swimming test, which were associated with the inhibition of the expression of inflammatory mediators iNOS and COX2 in the prefrontal cortex and hippocampus of CRF model mice. Those research results suggested that FG has a satisfactory effect on depression-like behavior of CRF, which was related to the inhibition of neuroinflammation.
Keywords: Fuzi, Ganjiang, CRF, neuroinflammation, BV2, NF-κB, Nrf2/HO-1
INTRODUCTION
The central nervous system (CNS) has been described as an immunologically quiescent organ that maintains the normal function of the human system, and the homeostasis of the CNS heavily relies on the balance of innate immunity (Yang and Zhou, 2019). The results of research in recent decades have suggested that deregulated CNS innate immunity made a great contribution to the onset and progression of many diseases related to the nervous system. Neuroinflammation, or the activation of the neuroimmune cells, has been identified as an etiological factor in several neurological diseases (Schain et al., 2017). Under normal circumstances, neuroinflammation is the comprehensive innate immune response of nervous tissue to restrain infection and eliminate pathogens, misfolded proteins, and cell debris, which contributes to neural tissue fix and restoration. However, in chronic neurological diseases or traumatic stress, neuroinflammation instead becomes persistent and detrimental to nerve cells (Yang and Zhou, 2019). The brain has long been accepted as an “immunologically privileged” organ, and it protects nervous tissue by blocking direct contact between peripheral materials and the nervous organ through the blood–brain barrier. Instead, the glial cells (mainly microglia and astrocytes) are the main composition of the brain and are the primary constituents of the dedicated neuroimmune system (Kanegawa et al., 2016).
The human brain is mainly composed of microglia, astrocytes, and other neuronal cells (Kanegawa et al., 2016). Microglia and astrocytes, as resident macrophages in the CNS, play pivotal roles in the innate immune response and act as the frontline defense against pro-inflammatory stimulation and exogenous toxic substances (Graeber et al., 2011; Ransohoff et al., 2015). The glia cells provide dual functionality (pro-inflammatory and anti-inflammatory) and participate in multiple physiological functions under basal or disease conditions, including steroid release, phagocytosis, cellular repair, and free radical reduction (Schain et al., 2017). However, pro-inflammatory responses stimulated by pathological factors, including reactive oxygen species and release of cytokines, may be harmful to normal neurons, causing synaptic dysfunction, neuronal death, and loss of synapses.
Microglia cells represent 10–15% of the human brain and play an important role in defending the CNS in response to exogenous toxins (Lee et al., 2018). It has been reported that microglia played a critical role in neuroprotection under normal conditions (Tremblay et al., 2011). Nevertheless, pathologically activated microglia distinctly accelerate neuroinflammatory and neurotoxic reactions through releasing many kinds of pro-inflammatory cytokines or mediators including interleukin-1β (IL-1β), interleukin-6 (IL-6), nitric oxidate synthase (iNOS), tumor necrosis factor-α (TNF-α), and cyclooxygenase-2 (COX-2) (Kirkley et al., 2017). Accumulating evidence suggests that chronic neurological diseases including Alzheimer’s disease (AD), Parkinson’s disease (PD), amyotrophic lateral sclerosis (ALS), Huntington’s disease (AD), and multiple sclerosis (MS) are closely related to neuroinflammation (Dansokho and Heneka, 2017). Multiple signaling pathways have been shown to be involved in the abnormal activation of microglia. Furthermore, Nrf2 has been validated to inhibit microglia hyperactivation by restraining the NF-κB and p38 MAPK signaling pathways (Koh et al., 2011). Further evidence showed that Nrf2 knockout caused mice to be more sensitive to the neuroinflammation stimulated by lipopolysaccharide (LPS), as demonstrated by an increase in the pro-inflammatory mediators TNF-α, IL-6, and iNOS (Innamorato et al., 2008). This means that exploring the mechanisms of the microglia inflammatory response and new intervention strategies may be effective ways to research neuroinflammation and neurological diseases.
Cancer-related fatigue has been defined as a distressing, persistent, subjective sense of physical, emotional, and/or cognitive tiredness or exhaustion related to cancer and cancer treatment that is not proportional to recent activity and interferes with usual functioning (National Comprehensive Cancer, 2003). CRF is now considered as one of the most extensive and distressing adverse effects of cancer itself and cancer treatment (Lawrence et al., 2004). The sensitivity to fatigue in a cancer patient can be elevated before the onset of cancer treatment and typically increases during chemotherapy, radiotherapy, and hormonal/biological therapies (Bower, 2014). The estimated prevalence of CRF during cancer therapies ranges from 25 to 99%, depending on the patient population, type of cancer or cancer treatment, and method of CRF assessment (Servaes et al., 2002). CRF has a detrimental impact on life, work, social relationships, and mood, causing distinct impairment in the overall quality of life during or after cancer treatment (Bower et al., 2000). Furthermore, exceeding fatigue led to a disruption in cancer treatment and predicted shorter recurrence-free survival and overall survival (Groenvold et al., 2007). Individual differences; skeletal, muscular, and mitochondrial dysfunction; peripheral immune activation and inflammation dysfunction; and neuron and central nervous system (CNS) disorders are suggested to be related to the incidence of CRF, but the etiology and mechanism of CRF are still unclear (Yang et al., 2019). In particular, the depression-like symptoms of CRF caused by the senses of extreme fatigue due to neuroinflammation have received widespread attention. Pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, released by tumor itself or immune cells following infection or tissue injury caused by chemotherapy, surgery, or radiation can signal to the CNS, leading to symptoms of distressing fatigue and other behavioral changes (Bower, 2014). A series of studies have indicated that neuroinflammation is closely associated with the occurrence and development of CRF. Therefore, the development of safe and effective drugs from the perspective of inhibiting neuroinflammation has become one of the primary tasks in the treatment of CRF.
An herb couple, two herbs frequently prescribed together to reduce toxicity and increase efficacy, is commonly applied in herbal formulae in traditional Chinese medicine (TCM) (Peng et al., 2013). Herb couples are much more convenient than other complex formulae without altering their essential therapeutic characteristics (Huang et al., 2011). The combination of Fuzi (Radix Aconiti Lateralis, derived from the lateral roots of Aconitum carmichaelii Debx.) and Ganjiang (Rhizoma Zingiberis, derived from the dry rhizome of Zingiber officinale Rosc.), namely, FG, is the frequently used herb couple involved in many Chinese medicinal formulae including Si-Ni-Tang and its deuterogenic formulae (Gao, 2005). Ganjiang–Fuzi decoction (GFD) has been used for over 2000 years in a 1:1 ratio of Ganjiang and Fuzi by weight, and it exhibits activities of dispelling internal cold, recovering depleted yang, and extricating patients in the cases of depletion of yang energy, which manifested as extremely cold limbs and faint pulse verging on expiry (Zhao et al., 2016). Clinical and experimental studies have shown that FG can significantly improve cardiac function, relieve pathological fatigue, and excite the nervous system, which is commonly used to treat heart failure and depression (Wang et al., 2010; Zhang and Fan, 2014). In traditional Chinese medicine, the fatigue symptoms of CRF are associated with Yang depletion, and the treatment of CRF should focus on Yang tonics, trying to improve the depression-like behavior. However, the problem of whether FG can improve the human nervous function by inhibiting the inflammatory response of the CNS and thus treat CRF has not been clarified yet.
Therefore, we conducted in vivo and in vitro experiments to explore the anti-neuroinflammatory effects of FG on LPS-induced BV2 microglia and its effects on depression-like behavior of CRF model mice to reveal the potential mechanism of FG in the treatment of CRF, aiming to provide a new study strategy for the traditional Chinese medicine FG in the treatment of CRF.
MATERIALS AND METHODS
The Preparation of FG Extraction
Aconitum carmichaelii Debx (Fuzi) and Zingiber officinale Rosc (Ganjiang) were purchased from the Yangtianhe Pharmacy Co., Ltd. and identified by the Hunan Engineering Technology Center of Standardization and Function of Chinese Herbal Decoction Pieces (Changsha, China). A voucher specimen was deposited at the Hunan Engineering Technology Center of Standardization and Function of Chinese Herbal Decoction Pieces (Changsha, China). According to the application theory of traditional Chinese medicine, 300 g of Fuzi was immersed in a 10-fold amount of distilled water and boiled for 30 min, and 300 g of Ganjiang with 10-fold amount of distilled water was added and co-boiled for 30 min, and the extract was collected. The herb residues were boiled again with a 10-fold amount of distilled water for another 1 h, and the extract was collected again. Afterward, the collection extract was combined, filtered, and evaporated at 60°C and then freeze-dried into extract powder. The extract powder was spared and stored at −20°C.
Chemical Component Analysis of FG Extraction
Characterization of the main chemical components in FG extraction was detected by UPLC-Q-TOF-MSE (Waters Xevo G2-XS). Chromatographic separation was achieved using a Waters ACQUITIY UPLC BEH C18 column (2.1 mm × 100 mm, 1.7 μm) (Waters), with column temperature maintained at 35°C. The mobile phases consisted of 0.1% formic acid water (A) and acetonitrile (B) using a gradient elution. The flow rate was 0.4 ml/min, and the injection volume was 10 μl. The electrospray ionization (ESI) source was used to collect data in both positive and negative ion modes. The full scan setting parameters are as follows: the mass spectrum data format is continuum, the temperature of the desolvent is 600°C, the atomizing gas flow rate is 800 L/h, the capillary voltage is 2.5 kV, the ion source temperature is 120°C, the cone hole voltage is 40 V, the air curtain gas flow rate is 50 L/h, and the scanning range is 100–1200 m/z. During low energy scanning, the collision energy transfer and TRAP voltages were 4 and 6 eV, respectively. In high energy scanning, the transfer and TRAP voltages were 10 and 60–75 eV, respectively. Leucine-enkephalin (Lock Spray TM) was used as an internal standard to calibrate the mass axis in real time with a flow rate of 5 L/min. A self-building database containing mass spectrometry information of reported compounds from each herb was used for compound matching.
Cell Culture and Drug Treatment
BV2 cells were purchased from the Cell Bank of Typical Culture Preservation Committee of Chinese Academy of Sciences (Shanghai, China) and were routinely cultured in D-MEM/F-12 medium supplemented with 10% fetal bovine serum (FBS, Gibco, United States), 100 U/ml penicillin, 100 μg/ml streptomycin (GE Healthcare Life Science, United States), and 25 μg/ml Plasmocin™ treatment (InvivoGen, United States) and then incubated in an incubator containing 5% CO2 at 37°C. The cells used in our experiments were up to passage 10. Cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence or absence of LPS (200 ng/ml, Sigma, United States). In some experiments, cells were pretreated with 8 μM BAY-11–7082 (Selleck, United States) for 2 h or 20 μM tin protoporphyrin (SnPP, Selleck, United States) for 1 h or transfected with Nrf2 siRNA/control siRNA for 24 h, followed by the treatment with FG extraction (400 μg/ml) and LPS (200 ng/ml).
4T1 murine carcinoma cells were obtained from the Cell Bank of Typical Culture Preservation Committee of Chinese Academy of Sciences (Shanghai, China). The 4T1 cells were routinely cultured in RPMI 1640 medium supplemented with 10% FBS (Gibco, United States), 100 U/ml penicillin, and 100 ug/ml streptomycin (GE Healthcare Life Science, United States) and incubated as monolayer cultures in humidified incubators containing 5% CO2 and 95% air at 37°C.
Animals
Adult female BALB/c (10 weeks) mice weighing 20–22 g were obtained from Hunan SJA Laboratory Animal Co., Ltd. Female mice were selected for the study because of their stable food intake and body mass changes after being inoculated with cancer cells compared to male mice and because male mice often bite at the tumor site (Cosper and Leinwand, 2011; Yang et al., 2014). Mice were housed five per cage and maintained in temperature-controlled environments in a 12 h light cycle (lights on from 7:00 am to 7:00 pm) with ad libitum access to water and food. All experiments were performed in accordance with the current law and the Guiding Principles for the Care and Use of Laboratory Animals approved by the Hunan University of Chinese Medicine Animal Care and Use Committee.
Cell Viability Assay
Cell viability assay was performed using a 3-[4,5-Dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay. BV2 cells were treated with FG extraction (100–1000 μg/ml) for 24 h and incubated with 200 μl MTT solution (5 mg/ml) for 4 h. Then, 150 μl dimethyl sulfoxide (DMSO) was added to dissolve dark blue formazan crystals generated by viable cells. Absorbance was evaluated using a microplate reader (Thermo Fisher Science, United States) at 540 nm after fully mixing the preparation by shaking the plate for 10 s. The absorbance of the control group was considered as 100% cell viability.
Detection of Nitric Oxide
The level of NO in the cell culture supernatant was evaluated indirectly by measuring the content of nitrous acid (NO2−) via the Griess reaction. BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h. In some experiments, BV2 cells were pretreated with BAY-11–7082 (8 μM) for 2 h or SnPP (20 µM) for 1 h or transfected with Nrf2 siRNA/control siRNA for 24 h, followed by the treatment of FG extraction (400 μg/ml) and LPS (200 ng/ml) for 24 h. Then, the cell culture supernatant was collected and 50 μl culture supernatant was mixed with 50 μl Griess reagent Ⅰ and Ⅱ (Beyotime, China) and incubated at room temperature for 10 min. Absorbance was measured using a microplate reader at 540 nm. The content of NO was calculated according to the sodium nitrate standard curve.
Evaluation of Cellular Reactive Oxygen Species
Intracellular production of ROS was evaluated using the fluorescent probe 2′,7′-dichlorofluorescein diacetate (DCF-DA). BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h and then stained with DCF-DA (10 μM, Solarbio Science, China) for 20 min in the incubator after being washed with phosphate-buffer saline (PBS, Gibco, United States). The cells were then further rinsed three times with PBS to remove extracellular DCFH-DA. The DCF fluorescence was detected at 488 nm (excitation wavelength) and 525 nm (emission wavelength) using a Cellometer®K2 fluorescent cell analyzer (Nexcelom, United States).
Enzyme-Linked Immunosorbent Assay
BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h, and the cell culture supernatants were collected. The contents of the pro-inflammatory mediators were evaluated using mouse-PGE2 (Cusabio, China), IL-6, and TNF-α (QuantityCyto® ELISA, China) ELISA kits according to the manufacturer’s instructions. Absorbance was measured using a microplate reader at 450 nm.
Immunofluorescence
Immunofluorescence was conducted to observe the localization and expression of iNOS and COX2 in LPS-induced BV2 microglia. BV2 cells were treated with FG extraction (400 μg/ml) in the presence of LPS (200 ng/ml) for 24 h. Then, the cells were washed three times with PBS and fixed with 4% paraformaldehyde for 15 min, followed by permeabilization with 0.25% Triton-X100 for 10 min. Then, the cells were washed three times with PBS and incubated with primary rabbit anti-iNOS (1:500, abcam) or rabbit anti-COX2 (1:800, Cell Signaling Technology) antibodies in 1% bovine serum albumin (BSA) solution overnight at 4°C. Afterward, the cells were washed 3 times with PBS and incubated with secondary Alexa Flour@594 AffiniPure Goat Anti-Rabbit IgG (H + L) (1:200, YEASEN, China) or Alexa Flour@ 488 AffiniPure Goat Anti-Rabbit IgG (H + L) (1:200, YEASEN, China) antibodies for 1 h at room temperature. The cells were washed three times and mounted in 4’,6-diamino-2-phenylindole (DAPI)-containing solution (Solarbio, China) for 10 min and further washed three times with PBS. The images were observed using a fluorescence microscope (Olympus, Japan) and analyzed with NIH ImageJ software. Samples were analyzed in a blinded manner using 6–10 individual images.
Nrf2 siRNA Transfection
The Nrf2 gene of BV2 microglia was silenced by Nrf2 small interfering RNA (Nrf2 siRNA, Santa Cruz Biotechnology, United States). BV2 cells were cultured and incubated in an incubator at 37°C until 70–80% confluent. 2 μl Nrf2 siRNA or control siRNA duplex was diluted into 100 μl siRNA Transfection Medium (Santa Cruz Biotechnology, United States). Simultaneously, 6 μl of Transfection Reagent (Santa Cruz Biotechnology, United States) was added into 100 μl siRNA Transfection Medium. Then, these two dilutions were softly mixed and incubated for 30 min at room temperature. After being washed two times with siRNA Transfection Medium, the cells were incubated with siRNA mixture for 6 h in the incubator. Afterward, the siRNA mixture was replaced with complete medium for another 18 h, followed by the treatment of FG extraction (400 μg/ml) in the presence of LPS (200 ng/ml) for an additional 24 h.
Protein Isolation and Western Blot
We used a Cytoplasmic and Minute™ Nuclear Extraction Kit (Cat No:SC-003, Invent, United States) and a Minute™ Total Protein Extraction Kit for Animal Cultured Cells and Tissues (Cat No: SD-001/SN-002, Invent, United States) containing protease and phosphatase inhibitor tables (Roche, Basel, Switzerland) for protein extractions according to the manufacturer’s recommendations. The protein concentrations were evaluated using a BCA Kit (MultiSciences Biotech, China). Denatured protein samples were separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and then transferred to polyvinylidene difluoride membranes (PVDF, Millipore, Temecula, CA, United States). After being blocked with 5% BSA or nonfat dry milk for 1 h at room temperature, the membranes were incubated with primary rabbit anti-iNOS, Nrf2, NF-κB/p65 (1:1000, abcam, United States), rabbit anti-COX2, IκBα, p-IκBα, PCNA, HO-1, and β-Actin (1:1000, Cell Signaling Technology, Waltham, MA, United States) antibodies overnight at 4°C. The membranes were washed three times with Tris-buffered saline and Tween 20 (TBST), followed by incubation with horseradish peroxidase–conjugated secondary antibodies (1:10,000, Cell Signaling Technology, Waltham, MA, United States) for 1 h at room temperature. The bands were measured using enhanced chemiluminescence (ECL) detection reagents (Amersham Biosciences, United States) according to the manufacturer’s requirements. Images were analyzed using Quantity One software.
Mouse Model of Tumor Growth
A total of 5 ×105 4T1 cells (5 ×105 cells in 0.1 ml PBS) were subcutaneously injected into the right fourth mammary fat pad of BALB/c mice as previously described (Baradaran et al., 2017). In the present study, all mice were euthanized 21 days after drug treatment. Body mass was monitored three times per week, and the tumor volume was calculated two times a week using calipers and according to the formula [(L×W2)/2] where L and W represent length and width, respectively. Behavior tests were performed two times per week. Except as noted below, mice were euthanized using pentobarbital sodium and blood was obtained by cardiac puncture. The gastrocnemius muscles and heart were extracted, weighted, and snap-frozen in liquid nitrogen for biochemical analysis; tumor mass was dissected and weighted; the brain was quickly dissected; and hippocampus and cortex brain tissues were snap-frozen in liquid nitrogen for further analysis.
Oral Drug Administration
After tumor inoculation for 7 days, all of the mice were randomly divided into six groups: the control group (Cont); the tumor model group (Model); the minocycline group (Mino); and the FG low-, medium-, and high-dose groups (FGL; FGM; and FGH). Mice in the Mino group were provided with bottles of water supplemented with minocycline (1 mg/ml) at a dose of 50 mg/kg/day (Sigma, St. Louis, MO, United States). Mice in the FGL–FGH groups were administrated with FG at the doses of 4, 8, and 16 mg/kg (i.g., once daily, 20 ml/kg, equivalent to 1, 2, and 4 times the clinical equivalent dose, respectively). Mice of the Cont and Model groups received normal saline in volumes equivalent to those used for intragastric administration of the drugs.
Tail Suspension Test
The tail suspension test was performed under the directions described previously (Zheng et al., 2016). Mice were individually suspended by their tails using adhesive tape (from tip of tail for 2 cm). Testing was conducted for 6 min with the last 5 min scored for immobility. Mice that climbed on their tails were excluded from further testing. Mice were identified to be immobile when they exhibited no body movement and hung passively.
Open Field Test
The open field test (OFT) was used for the evaluation of locomotor and exploratory activity and anxiety-like behavior as described previously (Li et al., 2016). The open field chamber was composed of a square arena (50 cm × 50 cm × 50 cm) made of black acrylic plate, brightly and evenly illuminated by 6 × 60 W lamps mounted 2 m above the arena. The area was divided into 4 central and 12 peripheral quadrants. Mice were individually placed into the center of the open field area and allowed to explore for 5 min. Time spent in the central and peripheral quadrants, total distance explored in 5 min, and the number of crossings between quadrants were recorded using a video camera and calculated using an analysis system. The open field chamber was cleaned using 70% ethanol between two experiments.
Elevated Plus Maze Test
The elevated plus maze test was performed as a screening test for anxiety as previously described (Hellwig et al., 2016). The testing system consisted of a plus-shaped arena with two open or closed arms with an open roof, elevated 60 cm from the floor. Mice were placed at the four-arm intersection, and the activity of the mice was recorded using a video system. The respective times spent in the open or closed arms and the number of entries into the arms were recorded in 5 min.
Forced Swimming Test
The forced swimming test was conducted for depression-like behavior assessment as previously described (Li et al., 2016). Mice were placed individually into a Plexiglas cylinder (30 cm in height and 25 cm in diameter) filled with 15 cm water (25 ± 1°C) and left for 6 min. The cylinder was cleaned thoroughly and filled with fresh water between each animal test. Mice were considered to be immobile when they floated in an upright position and made only slight movements to keep their head above the water. The movement of each mouse was videotaped, and the duration of immobility was recorded during the last 5 min of the 6-min testing period.
Immunohistochemistry
The brain cryosections were rinsed with PBS and permeabilized with 0.2% Triton X-100 and 0.5% BSA solution (PBS) for 1 h at room temperature. The cryosections were subsequently incubated with primary Rabbit anti-Inos or Rabbit anti-COX2 antibodies overnight at 4°C. After being washed with 0.5% BSA (PBS) three times, the cryosections were incubated with biotin-conjugated anti-rabbit secondary antibody for 1 h at room temperature. The cryosections were rinsed with 0.5% BSA and incubated in an avidin-biotin complex solution for 1 h at room temperature. Then the cryosections were washed with PBS three times and incubated with 0.5 mg/ml 3,3′-diaminobenzidine (DAB) containing 0.003% H2O2. Afterward, the cryosections were sensed with PBS and mounted on gelatin-coated slides, and images were captured using a bright-field microscope.
Statistical Analysis
All experiments were independently repeated three times and in triplicate unless otherwise declared. The data are expressed as means ± SEM. Statistical analysis was conducted using one-way analysis of variance (ANOVA), followed by post hoc Student–Newman–Keuls test for multiple comparisons. Statistical significance was accepted at p < 0.05.
RESULTS
Phytochemical Characterization of FG Extraction
To identify the main constituents of FG aqueous extraction, we analyzed the FG extraction using UPLC-Q-TOF-MSE. Thirty compounds were deduced from the positive spectrum, which belonged to the chemical components of Fuzi (Table 1 and Figure 1). Nineteen compounds were deduced from the negative spectrum, which belonged to the chemical components of Ganjiang (Table 2 and Figure 2). The information of 30 chromatographic peaks in the ion flow diagram in the positive ion mode was consistent with the related compounds, and all of them were derived from Fuzi. The 30 compounds included 7 amine-alcohol type C19 diterpenoid alkaloids, 13 monoester type C19 diterpenoid alkaloids, 5 diester type C19 diterpenoid alkaloids, 1 atete type C20 diterpenoid alkaloid, and 3 other types of alkaloids. In addition, 1 unknown compound was reported in the literature (Xu et al., 2015). The information of 19 chromatographic peaks in the ion flow diagram in the negative ion mode was consistent with the known compounds, and all of them belong to Ganjiang. The 19 compounds consist of 16 diphenylheptane compounds, 2 gingerols, and 1- (3, 4-dihydroxyphenyl) -5-hydroxyl-3-decanone. Furthermore, the mass spectrometry information of the remaining chromatographic peaks was inconsistent with the information of the compounds in the database and the related literature and needed further study.
TABLE 1 | Identification of chemical constituents of Fuzi by UPLC-Q-TOF/MSE.
[image: Table 1][image: Figure 1]FIGURE 1 | Base peak chromatogram with positive mode of the aqueous extract of FG.
TABLE 2 | Identification of chemical constituents of Ganjiang by UPLC-Q-TOF/MSE
[image: Table 2][image: Figure 2]FIGURE 2 | Base peak chromatogram with negative mode of the aqueous extract of FG.
FG Did Not Affect Cell Viability of BV2 Microglia
The cell viability assay was conducted to evaluate whether the concentrations of FG used in this experiment affected the cell viability of BV2 microglia. Figure 3A shows that the treatment of FG extraction (100–800 μg/ml) for 24 h did not have a cytotoxic effect on BV2 microglia.
[image: Figure 3]FIGURE 3 | Panel (3A): Effect of FG on cell viability of BV2 microglia. BV2 cells were treated with 100–1000 μg/ml FG extraction for 24 h, and cell viability was evaluated using the MTT reduction assay. The results were expressed as the percentage of surviving cells in the control group. Each bar presents the mean ± SEM of three independent experiments. Panel (3B,C): Effects of FG on TNF-α and IL-6 production in LPS-induced BV2 microglia. BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h. TNF-α and IL-6 contents in cell culture supernatants were evaluated using ELISA kits. Results are expressed as mean ± SEM of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001).
FG Reduced the Secretion of TNF-α and IL-6 in LPS-Induced BV2 Microglia
To evaluate the effects of FG on the production of pro-inflammatory cytokines, the contents of TNF-α and IL-6 in the culture supernatant were measured using an ELISA kit. Figures 3B,C show an obvious increase in the levels of TNF-α and IL-6 in LPS-treated BV2 cells, and FG significantly reduced the production of TNF-α and IL-6 in a dose-dependent manner.
FG Decreased Intracellular ROS Generation in LPS-Induced BV2 Microglia
To investigate the effects of FG on cellular oxidative stress in BV2 microglia, the ROS scavenging activity of FG was measured by DCFH-DA fluorescence detection. Figure 4 reveals that cellular ROS generation in BV2 cells was elevated when the cells were treated with LPS (200 ng/ml), and FG (200, 400, 800 μg/ml) obviously inhibited intracellular ROS accumulation in a dose-dependent manner.
[image: Figure 4]FIGURE 4 | Effect of FG on cellular ROS generation in LPS-induced BV2 microglia. BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h. Cellular ROS level was evaluated using a DCFH-DA cellular ROS detection assay kit. Results are expressed as mean ± SEM of three independent experiments (***p < 0.001).
FG Suppressed NO Production Which Was Mediated by iNOS Expression in LPS-Induced BV2 Microglia
To evaluate the effect of FG on iNOS-mediated NO production, which causes a toxic effect on neurocytes and results in severe neurological inflammation, the content of nitrous acid (NO2−) was measured using the Griess reaction and the expression and localization of iNOS were evaluated by western blot and immunofluorescence. Figures 5A,B show that the expression of iNOS in BV2 cells was increased when the cells were stimulated by LPS (200 ng/ml), and FG extraction (200, 400, 800 μg/ml) significantly reduced iNOS expression in a dose-dependent manner. Figures 5C,D show that the fluorescence intensity of iNOS in BV2 cells was increased by LPS (200 ng/ml) stimulation and then decreased after the treatment of FG extraction (400 μg/ml). Figure 5E shows that the content of NO in LPS-induced BV2 cells was elevated, and FG extraction (200, 400, and 800 μg/ml) suppressed NO production in a dose-dependent manner.
[image: Figure 5]FIGURE 5 | Effects of FG on iNOS and NO generation in LPS-induced BV2 microglia. BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h. Expression and localization of iNOS were evaluated by Western blot and immunofluorescence (A–D). NO content in the cell culture supernatant was detected using a Griess assay kit (E). Results are expressed as mean ± SEM of three independent experiments (**p < 0.01, ***p < 0.001).
FG Decreased PGE2 Secretion Which Was Mediated by COX2 Expression in LPS-Induced BV2 Microglia
To detect the effect of FG on COX2-mediated PGE2 secretion, which induces nerve cell damage via inflammatory activation, the accumulation of PGE2 was evaluated using an ELISA kit and the expression and localization of COX2 were measured by western blot and immunofluorescence. Figures 6A,B show that the expression of COX2 in BV2 cells was elevated under the stimulation of LPS (200 ng/ml), and FG extraction (200, 400, and 800 μg/ml) significantly decreased COX2 expression. Figures 6C,D show that LPS (200 ng/ml) enhanced the fluorescence intensity of COX2 in BV2 cells, and FG extraction (400 μg/ml) inhibited COX2 fluorescence intensity. Figure 6E shows that the production of PGE2 in LPS-induced BV2 cells was increased, and FG extraction (200, 400, and 800 μg/ml) suppressed the secretion of PGE2 in a dose-dependent manner.
[image: Figure 6]FIGURE 6 | Effects of FG on COX2 and PGE2 production in LPS-induced BV2 microglia. BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) in the presence of LPS (200 ng/ml) for 24 h. Expression and localization of COX2 were detected by Western blot and immunofluorescence (A–D). PGE2 level in the cell culture supernatant was detected using an ELISA kit (E). Results are expressed as mean ± SEM of three independent experiments (***p < 0.001).
The Anti-Inflammatory Effects of FG Were Connected to the Inhibition of the NF-κB Signaling Pathway in LPS-Induced BV2 Microglia
First, we used the NF-κB inhibitor BAY-11–7082 to verify whether FG inhibits the inflammatory response of LPS-induced BV2 microglia through the NF-κB signaling pathway. Figure 7A shows that both FG extraction (400 μg/ml) and BAY-11–7082 (8 μM) reduced NO production in LPS (200 ng/ml)-treated BV2 cells, and BAY-11–7082 significantly enhanced the anti-inflammatory effects of FG, indicating that the anti-inflammatory effects of FG were closely related to the NF-κB signaling pathway. Afterward, we prepared nuclear and cytoplasmic protein extraction of LPS-induced BV2 cells to investigate the further mechanisms by which FG inhibits the NF-κB signaling pathway. Figures 7B–G show that the treatment of LPS (200 ng/ml) induced nuclear translocation of the NF-κB/p65 subunit and the phosphorylation and degradation of cytoplasmic IκBα in BV2 cells, indicating that the NF-κB signaling pathway was activated by the stimulus of inflammation. Then, we found that FG (400 μg/ml) significantly inhibited the nuclear translocation of the NF-κB/p65 subunit and the phosphorylation and degradation of cytoplasmic IκBα in LPS-induced BV2 cells, which means that the anti-inflammatory effects of FG on LPS-induced BV2 microglia were connected with the inhibition of the NF-κB signaling pathway.
[image: Figure 7]FIGURE 7 | Effects of FG on the NF-κB signaling pathway in LPS-induced BV2 microglia. BV2 cells were pretreated with BAY-11–7082 (8 μM) for 2 h, followed by the treatment of FG extraction (400 μg/ml) and LPS (200 ng/ml) for 24 h. Accumulation of NO in the cell culture supernatant was measured using a Griess assay kit (A). Afterward, the cells were treated with FG extraction (400 μg/ml) in the presence of LPS (200 ng/ml) for 24 h, and the nuclear and cytoplasmic protein extractions were then prepared for nuclear NF-κB/p65 and cytoplasmic IκBα and p-IκBα detection by Western blot (B–G). Results are expressed as mean ± SEM of three independent experiments (**p < 0.01, ***p < 0.001, ##p < 0.01).
The Anti-Inflammatory Effects of FG Were Related to the Activation of the Nrf2/HO-1 Signaling Pathway in LPS-Induced BV2 Microglia
We first observed the effect of FG on the expression of Nrf2 and HO-1 in BV2 microglia and evaluated whether Nrf2 gene silencing had an inhibitory effect on HO-1 expression. Figures 8A–C show that FG (200, 400, and 800 μg/ml) could promote the expression of Nrf2 and HO-1 in normal BV2 cells, and Figures 8D–F show that the expression of Nrf2 and HO-1 was significantly decreased after Nrf2 siRNA interference silencing, indicating that FG could promote the expression of Nrf2 and HO-1 in BV2 cells, which was regulated by the Nrf2 gene. We then evaluated the relationship between the inhibitory effect of FG on the inflammatory response of LPS-induced BV2 cells and the Nrf2/HO-1 signaling pathway. Figure 9A shows that FG (400 μg/ml) reduced NO release in BV2 cells after LPS stimulation, while the HO-1 inhibitor SnPP partially reversed the inhibitory effect of FG on NO release, suggesting that the inhibitory effect of FG on NO release in LPS-induced BV2 cells was related to the regulation of HO-1 expression. Figures 9B,C show that FG (400 μg/ml) could reduce the production of NO, PGE2, and IL-6 in BV2 cells after LPS stimulation, indicating that the anti-inflammatory effect of FG in LPS-induced BV2 cells was related to the regulation of the Nrf2 gene. Figures 9E–I show that FG (400 μg/ml) could reduce the expression of iNOS and COX2 and increase the expression of Nrf2 and HO-1. Nevertheless, after the Nrf2 gene of the BV2 cells was silenced with Nrf2 siRNA, the inhibitory effects of FG on the expression of iNOS and COX2 and the increase in the expression of Nrf2 and HO-1 were significantly reversed, suggesting that the inhibitory effect of FG on LPS-induced BV2 cells was definitely adjusted by the Nrf2 gene. These results suggested that FG could inhibit the inflammatory response induced by LPS in BV2 microglia by activating the Nrf2/HO-1 signaling pathway.
[image: Figure 8]FIGURE 8 | Effects of FG on the expression of Nrf2 and HO-1 in BV2 microglia. BV2 cells were treated with FG extraction (200, 400, and 800 μg/ml) for 24 h, and the expression of Nrf2 and HO-1 was measured by Western blot (A–C). Then the Nrf2 gene of BV2 cells was silenced by Nrf2 siRNA or control RNA, and the expression of Nrf2 and HO-1 was evaluated by Western blot (D–F). Results are expressed as mean ± SEM of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, ###p < 0.001).
[image: Figure 9]FIGURE 9 | Effects of FG on the Nrf2/HO-1 signaling pathway in LPS-induced BV2 microglia. BV2 cells were pretreated with SnPP (20 µM) for 1 h, followed by the treatment with FG extraction (400 μg/ml) and LPS (200 ng/ml) for 24 h. The production of NO in the cell culture supernatant was evaluated using a Griess assay kit (A). Then BV2 cells were transfected with Nrf2 siRNA or control siRNA to silence the Nrf2 gene, followed by the treatment of FG extraction (400 μg/ml) and LPS (200 ng/ml) for another 24 h. The production of NO, PGE2, TNF-α, and IL-6 in the cell culture supernatant was measured using Griess assay kits or ELISA kits (B–D). The expression of iNOS, COX2, Nrf2, and HO-1 was detected by Western blot (E–I). Results are expressed as mean ± SEM of three independent experiments (*p < 0.05, **p < 0.01, ***p < 0.001, #p > 0.05, ##p < 0.01, ###p < 0.001).
The Intervention Effects of FG on Depression-Like Behavior in CRF Model Mice
To further investigate whether FG interferes with the depression-like behavior of CRF by inhibiting neuroinflammation, we inoculated BALB/c mice with the mouse breast cancer cell line (4T1) to replicate the CRF model and to evaluate the intervention effect of FG. Figure 10A shows that FG (4, 16 mg/ml) could reduce the immobility time of tail suspension in tumor-bearing mice. Figures 10B,C show that FG (16 mg/ml) could increase the residence time in the open arm of tumor-bearing mice. Figure 10D shows that FG (16 mg/ml) increased the residence time in the central region of tumor-bearing mice. Figure 10E shows that FG (16 mg/ml) decreased the immobility time of tumor-bearing mice during the forced swimming test. These results suggested that FG extraction could, to some extent, improve the depression-like behavior of CRF model mice.
[image: Figure 10]FIGURE 10 | Effects of FG on fatigue-like behaviors in CRF model mice. Mice were treated with the corresponding drugs or normal saline 7 days after the inoculation of 4T1 cells. Control and Model group: the equivalent amount of normal saline; Mino group: minocycline at a dose of 50 mg/kg/d; and FGL and FGH group: FG extraction at the doses of 4 and 16 mg/kg/d. The fatigue-like behaviors of mice in each group were evaluated three times per week. (A) Locomotor activities of mice in spontaneous locomotor activity test. (B) Residence time of mice in rotarod fatigue test. (C–D) Normalized peak force measurements (PFM) and normalized average force measurements (AFM) of mice in grip strength measurements test. (E) Swimming time of mice in weight-loaded swimming test. Results are expressed as mean ± SD (n = 6–12, #p < 0.05, ##p < 0.01, ###p < 0.001 compared with control group; *p < 0.05 compared with model group).
The Effects of FG on the Expression of iNOS and COX2 in the Prefrontal Cortex and Hippocampus CA1 Region of CRF Model Mice
Afterward, we extracted the brain tissues of CRF model mice and detected the expression of iNOS and COX2 in the prefrontal cortex and the hippocampus CA1 region of CRF model mice by immunohistochemistry. Figures 11A,C,D show that FG (4 and 16 mg/ml) could reduce the expression of iNOS in the prefrontal cortex and the hippocampus CA1 region of CRF model mice. Figures 11B,E,F show that FG (16 mg/kg) decreased the expression of COX2 in the prefrontal cortex and the hippocampal CA1 region of CRF model mice. These results indicated that FG extraction could inhibit neuroinflammation in CRF model mice, which is related to the effect of FG on depression-like behavior in CRF model mice.
[image: Figure 11]FIGURE 11 | Effect of FG on the expression of iNOS and COX2 in the prefrontal cortex and hippocampal CA1 in CRF model mice (Scale bar = 20 μm). After the last administration and behavior test, the mice were deeply anesthetized with an intraperitoneal injection of sodium pentobarbital (45 mg/kg) and transcardially perfused with normal saline followed by 4% paraformaldehyde solution. The expressions of iNOS (A, C, D) and COX2 (B, E, F) in the prefrontal cortex and hippocampus CA1 region of the mice were detected by immunohistochemistry. Results are expressed as mean ± SD (###p < 0.001 compared with control group; *p < 0.05, **p < 0.01, ***p < 0.001 compared with model group).
DISCUSSION
TCMs are diffusely applied in Asian countries, especially China, Korea, and Japan (Huang et al., 2020b). Due to the precise efficacy of TCMs and the advancement of its modernization, Chinese medicine is being gradually accepted and applied by Western countries (Dobos and Tao, 2011). In traditional Chinese medicine, herb couples can provide the optimal efficacy of the formulae. Fuzi–Ganjiang (FG) is a classic herb couple among traditional medicine formulae for treating shock, heart failure, diarrhea, and other diseases characterized by Yang deficiency (Huang et al., 2020a). The theory of traditional Chinese medicine believes that Ganjiang can enhance the efficacy of Fuzi, namely, “Fuzi would not exert its heating efficacy without Ganjiang,” and multiple research studies have also found that Ganjiang and Fuzi used together can significantly heighten the pharmacological activity of those two used alone (Wen-Wen et al., 2013). Furthermore, the addition of Ganjiang could reduce the dissolution of Fuzi alkaloids, especially the acute toxic diester alkaloids, and the addition of Fuzi increased the content of gingerol compared with that in a decoction of Ganjiang alone (Huang et al., 2020a). Through the optimized UPLC-Q-TOF-MSE technique, a total of 49 compounds in the FG extraction were discovered, including 30 compounds from Fuzi (Table 1 and Figure 1) and 19 compounds from Ganjiang (Table 2 and Figure 2). This method could help us to quickly identify the chemical components in FG and provide a reference for studying the pharmacodynamic substance basis of FG.
Neuroinflammation, or the activation of nerve cells, microglia, and astrocytes into pro-inflammatory phenotypes, has been considered as a pathological contributor in multiple neurodegenerative diseases (Schain and Kreisl, 2017). Several factors such as initiating insult, environmental factors, genetic background, age, and past experiences are involved in the activation of microglia and the complex neuroinflammatory pathways (Bradl and Hohlfeld, 2003; Carson et al., 2006). Abnormal microglia activation leads to the pathology of several neurodegenerative diseases including PD, AD, and MS along with psychiatric disorders such as stress, psychological fatigue, depression, and schizophrenia or metabolic syndromes including obesity, hypertension, and type 2 diabetes (Swaroop et al., 2016). Neuropathological and neuroradiological research studies suggested that the neuroinflammatory response may occur in advance of significant loss of neuronal populations in the pathological progression of neurological diseases (Frank-Cannon et al., 2009). Microglia get stimulated due to aging, oxidative stress, air pollution, and infection which causes the production of pro-inflammatory mediators such as NO, TNF-α, IL-1β, iNOS, and COX2. Excess production and accumulation of pro-inflammatory components in activated microglia turns into a risk factor for neurodegeneration via various inflammatory pathways including the PI3K/AKT and MAPK signaling pathways. Moreover, activated microglia generate superfluous intracellular ROS, which contributes to NF-κB signaling pathway activation and afterward trigger more serious neuroinflammation to promote neuronal injury and neuronal cell death (Shabab et al., 2016). Therefore, inhibiting excessive activation of microglia, reducing pro-inflammatory mediators and cytokines, and normalizing CNS function could be efficient therapeutic strategies to treat neurodegenerative diseases.
LPS is an endotoxin in the adventitial membrane of Gram-negative bacteria which causes systemic inflammatory reaction syndrome via loll-like receptor (TLR) signaling (Lyman et al., 2014). LPS combining to TLR4 on the microglia surface stimulates multiple signal transduction pathways, including MAPK, PI3K/AKT, and mTOR, which then lead to NF-κB activation. The activation of the NF-κB signaling pathway subsequently mediates the production of pro-inflammatory chemokines, cytokines, and inducible enzymes such as iNOS and COX2 which ultimately results in neuroinflammatory diseases (Maunsell, 2008; Park et al., 2011). Therefore, we studied the intervention effects and mechanisms of FG on LPS-induced inflammatory BV2 microglia via the perspective of pro-inflammatory mediator release and inflammatory signaling pathway activation. Our data showed that FG reduces the production of the pro-inflammatory mediators IL-6, TNF-α, and intracellular ROS (Figures 3, 4). NO is a free gaseous signaling molecule which adjusts the immune and nervous systems. iNOS is one of the three isoforms of nitric oxide synthase which is critical under pathological conditions; otherwise, there is no role for iNOS under normal physiological conditions in the brain (Peng et al., 2012). Microglia expressing iNOS are found in many neurological diseases, and multiple stimuli such as LPS, IL-1β, TNF-α, and IFN-γ can cause the expression of iNOS, which synthesizes NO to directly damage neuronal cells (Terazawa et al., 2013). Our research showed that FG could suppress the expression of iNOS in LPS-induced BV2 cells following the inhibitory effect of FG on the NO generation (Figure 5). COX2 is one form of the cyclooxygenases (COX) or prostaglandin H synthesis which has inflammatory functions (AD and Bosetti, 2011). COX2 catalyzes the reaction of deoxygenation of arachidonic acid (AA) to yield prostaglandin G2 (PGG2) and a peroxidase reaction which converts PGG2 to prostaglandin H2 (PGH2) and the transformed PGH2 into prostaglandin E2 (PGE2), which is a neuroinflammatory mediator (Hein and O’Banion, 2009; AD and Bosetti, 2011). COX2 is mainly expressed in neurons and is involved in synaptic function and memory formation. The overexpression of COX2 can directly damage neurons, and the concerned pathways are observed in neurodegenerative diseases (Shabab et al., 2016). We found that FG expressed an inhibitory effect on the expression of COX2 and reduced the synthesis of its downstream product PGE2 in LPS-induced BV2 cells (Figure 6). These results suggested that FG exerted significant inhibitory effects on LPS-induced BV2 microglia.
NF-κB is a critical signaling pathway which promotes microglia phagocytosis and cytokine release on the condition that TLRs recognize specific ligands to activate the inflammatory process (Lyman et al., 2014). The accommodation of NF-κB activity is dependent on its nuclear translocation during which an inhibitory molecule, IκBα, was involved. NF-κB dimmers are in moderate form in the cytoplasm and are activated by the unlocking of the inhibition of the IκB unit and the translocation of the liberated NF-κB/p65 dimmer to the nucleus (Shabab et al., 2016). Our research results showed that FG could inhibit the nuclear translocation of the NF-κB unit and the phosphorylation and degradation of IκBα in LPS-induced BV2 cells, indicating that FG exerted an anti-inflammatory role in nerve cells by inhibiting the activation of downstream inflammatory pathways. Several research studies on nitrosative/oxidative stress or inflammatory response in neurological diseases have suggested the critical role of the antioxidant pathway involving the Kelch-like ECH-associated protein (Keap1)/nuclear factor erythroid 2-like 2 (NFE2L2, namely Nrf2) (Sun et al., 2015). Heme oxygenase 1 (HO-1), an Nrf2-mediated production, is an enzyme that degrades heme to generate biliverdin, free iron, and CO. HO-1 is also a vital mediator in oxidative stress, immunoregulation, and resistance to bacterial infection (Silva-Gomes et al., 2013). We found that the HO-1 inhibitor SnPP could reduce the intervention effect of FG on the inflammatory response of LPS-induced BV2 cells, suggesting that FG could exert an antioxidant/anti-inflammatory effect by regulating HO-1 expression (Figure 9A). Previous research indicated that the Nrf2/HO-1 signaling pathway had contributed to the anti-neuroinflammatory and antioxidative progresses (Yang et al., 2020). Furthermore, the inhibition of the Nrf2/HO-1 signaling pathway might lead to the phosphorylation of NF-κB and IKKβ in LPS-stimulated BV2 cells, causing increased levels of pro-inflammatory cytokines such as TNF-α and IL-1β, suggesting that the Nrf2 signal was the regulatory factor of the NF-κB signaling pathway (Onasanwo et al., 2016; Ali et al., 2018). In addition, P38 MAPK was validated to be conducive to the stabilization of Nrf2 and the activation of HO-1 transcription, which means that p38 MAPK and ERK1/2 contribute to the Nrf2/HO-1 signaling pathway through different sites (Sun et al., 2015). MAPKs were reported to be implicated in the phosphorylation and translocation into nuclear fraction of Nrf2 (Zheng et al., 2009). The results of this research showed that the therapeutic effect of FG on LPS-induced inflammatory BV2 cells could be partly reversed by Nrf2 siRNA, suggesting that the anti-inflammatory/antioxidative effect of FG is related to the activation of the Nrf2/HO-1 signaling pathway (Figures 9B–I). However, the relationship between these three signaling pathways and neuronal inflammation and depression-like behavior of CRF still requires further experimental exploration.
Fatigue is one of the characteristics of dominating depression caused by chronic systemic inflammation and the excessive activation of neuroglia cells (Berk et al., 2013). Actually, depression and fatigue are compactly correlated in patients with cancer (Jacobsen et al., 2003). The association between fatigue and depression is intricate. Fatigue is seemingly a symptom of depression but may precipitate a depressed mood due to interference with work, social activities, leisure, and occupational activities (Bower, 2014). Several longitudinal studies suggest that depression and anxiety before cancer treatment predict CRF before, during, and after treatment (Stone et al., 2001; Miaskowski et al., 2008). In the context of inflammation, signals integrated by the hypothalamus from peripheral systems are transferred into the CNS, leading to neuroendocrine dysfunction, neural signaling alteration, and metabolic derangements. Recent evidence from both clinical and preclinical research studies indicates that elevations in pro-inflammatory cytokines, including IL-6, TNF-α, and NO, act as a common mechanism for the impact relationship of depression and fatigue in patients with CRF (Saligan and Kim, 2012; Wood and Weymann, 2013). Indeed, increased expression of pro-inflammatory cytokines in the CNS is involved in behavioral measures of fatigue, weakness, and depressed mood in the mouse model of CRF (Norden et al., 2015b). Furthermore, tumor growth itself also contributes to neuroinflammation, depression-like behavior, and fatigue prior to alterations in muscle function (Norden et al., 2015a). Our research results validated the tight association between neuroinflammation and CRF depression-like behavior, and FG can improve CRF depression-like behavior (Figure 10) by inhibiting the expression of iNOS and COX2 in the prefrontal cortex and hippocampus of CRF model mice (Figure 11), which is consistent with the results of the BV2 cell experiments above and proves the therapeutic effect of FG on CRF depression-like behavior.
Our results revealed the anti-neuroinflammatory/antioxidative effects of the herb couple Fuzi and Ganjiang (FG) on LPS-induced BV2 microglia via the inhibition of the production of the pro-inflammatory mediators IL-6, TNF-α, intracellular ROS, iNOS-NO, and COX-PGE2 and the suppression of the NF-κB and activation of the Nrf2/HO-1 signaling pathways. Moreover, the anti-neuroinflammatory effects of FG contributed to the improvement of depression-like behavior in CRF model mice. Those results will help us to further study the deeper mechanisms of FG in the treatment of CRF and its potential of clinical application, provide a novel direction for promoting the application of TCMs in modern multiple diseases, and develop new therapeutic drugs of CRF.
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Hepatolenticular degeneration (HLD) is an autosomal recessive genetic disease caused by the toxic accumulation of copper in the liver. Excessive copper will disrupt the redox balance in cells and tissues, causing ischemia, hypoxia, and inflammation. Acid-sensitive ion channel 1a is a cationic channel activated by extracellular acid and allowing Ca2+ and Na+ to flow into cells. Its expression appears in inflammation, arthritis, fibrotic tissue, and damaged environment, but its role in hepatolenticular degeneration has not been studied. This study established a Wistar rat model of high copper accumulation and used CuSO4 to induce the activation of HSC-T6 in an in vitro experiment. In vivo, Wistar rats were examined to determine the serum copper concentration, serum ALT and AST activities, and liver copper accumulation, and liver tissue HE staining and immunohistochemical analyses were conducted. The expression of ASIC1a, α-SMA, Collagen-Ι, GRP78, XBP1, ATP7B, and CCS were detected. Besides, immunofluorescence technology can detect the expression of the phosphorylated protein in vitro. It is suggested that ASIC1a is involved in the quality control of the endoplasmic reticulum, which degrades mutant ATP7B and increases the accumulation of copper. After blocking or silencing the expression of ASIC1a, ELISA can detect the level of inflammatory factors, the expression of endoplasmic reticulum stress-related factors, and ATP7B was improved in a higher copper environment reduction of copper deposition was observed in liver Timm’s staining. Collectively, we conclude that ASIC1a is involved in the HSC activation induced by copper accumulation and promotes the occurrence of hepatolenticular fibrosis.
Keywords: hepatolenticular degeneration, liver fibrosis, ASIC1a, endoplasmic reticulum stress, P38MAPK signaling pathways
INTRODUCTION
Hepatolenticular degeneration (HLD) is an autosomal recessive copper metabolism disorder caused by mutations in the ATP7B gene (Lutsenko et al., 2007; Schilsky, 2014). The clinical manifestation of HLD is the accumulation of copper in multiple organs, including the liver, cornea, and nervous system; although the rate, location, and degree of copper deposition in the body are different and the clinical symptoms are complex and diverse, all patients have different degrees of chronic liver damage (Ala et al., 2007; Xu et al., 2013; Mensing et al., 2018). The excretion of copper ions enters the biliary tract, and free copper accumulates in the liver, causing inflammation and acidification of the tissue, which activates hepatic stellate cells. The activated hepatic stellate cells are transformed into muscle fiber-like cells (MFB), accompanied by the synthesis and secretion of α-smooth muscle actin (α-SMA) and excess extracellular matrix (extracellμLarmatrix, ECM). ECM is unbalanced degradation and deposition in the liver, making liver fibrosis the main pathological change in the liver of HLD patients (Sun and Kisseleva, 2015; Gerosa et al., 2019). A previous study by our group found that the expression level of ASIC1a was increased in HSC-T6 cells activated by acid, and its increased expression occurred downstream of the phosphorylation of components of the MAPK signalling pathway, which transmits stimulus signals. The accumulation of copper in hepatolenticular degeneration is accompanied by inflammation and acidification, but the mechanism underlying the development of fibrosis is currently less well studied (Wu et al., 2019). We have tried to prove that ASIC1a is activated by acidification caused by copper accumulation and plays a role in promoting fibrosis.
Acid-sensitive ion channels (ASICs) are cation channels activated by extracellular acidification. The ENaC/DEG family member has four coding gens: ASIC1, ASIC2, ASIC3, ASIC4, which encode seven subunit proteins: ASIC1a, ASIC1b, ASIC1b2, ASIC2a, ASIC2b, ASIC3, and ASIC4 have high permeability to Na+ and Ca2+. Among the seven subunits, ASIC1a is the only subunit that transports Ca2+. Studies have shown that various pathological conditions such as inflammation, ischemia, hypoxia, and tumors are accompanied by severe tissue acidification and low PH (Seki and Schwabe, 2015; Ortega-Ramirez et al., 2017). Therefore, there must be activation and opening of ASIC1a under these pathological conditions. ASIC1a activation causes the influx of extracellular Ca2+, which disrupts the calcium balance of the endoplasmic reticulum (Wu et al., 2014; Brown et al., 2016). The endoplasmic reticulum is the main site of calcium storage in the cell and participates in the regulation of Ca2+ signals in the cytoplasm. The endoplasmic reticulum plays an important role in signalling pathways. Disruption of calcium homeostasis can affect the synthesis and folding of endoplasmic reticulum proteins, as well as the posttranslational modification of proteins. It also causes endoplasmic reticulum stress (ERS) and activates the unfolded protein response (UPR) (Mori, 2009; Walter and Ron, 2011; Woehlbier and Hetz, 2011; Wu et al., 2016; Bergmann and Molinari, 2018). ERS can induce cell apoptosis by activating downstream apoptosis signaling molecules, and it can also regulate HSC activation and proliferation via the IRE1-XBP1 pathway (Yoshida et al., 2001; Huang et al., 2014). The most common mutant form of ATP7B still exhibits significant copper transport activity, but it is retained in the endoplasmic reticulum (ER) and is rapidly degraded during ERS (Forbes and Cox, 1998; Payne et al., 1998; de Bie et al., 2007; Parisi et al., 2018). It has recently been reported that the expression of this ATP7B mutant can activate the P38MAPK stress kinase pathway, which in turn triggers the quality control mechanism, resulting in inhibition in the ER and accelerated degradation (Chesi et al., 2016). Reducing ERS helps to retain ATP7B and thus reduces copper accumulation. It is crucial to explore the mechanism by which these factors function in the normalization of copper homeostasis in HLD.
Other studies have found that excessive copper levels can cause free radical-damage to nerve cells, activate MAPK signaling pathways, and activate protein and enzyme cascade signals in other cells. These signaling molecules can regulate nuclear transcription factors and gene expression, and ultimately cause intracellular calcium overload (Kadowaki et al., 2013; Darling and Cook, 2014; Kim et al., 2019; Li et al., 2019; Qiu et al., 2019). ASIC1a is activated, which promotes the activation of hepatic stellate cells and induces liver fibrosis. To further clarify whether ASIC1a is activated under copper loading, thus affecting the activation of hepatic stellate cells and whether the activation of ASIC1a may lead to the occurrence of ERS in HF-HSCs to accelerate the degradation of ATP7B. During the activation of ASIC1a, whether the P38MAPK pathway participates in and transmits stimulation signals. The experiments confirmed the expression of ASIC1a during HLD liver fibrosis, investigated the effect of regulating ASIC1a activity on HLD fibrosis and attempted to explain the role of the P38 MAPK pathway in HLD. This study provides the molecular experimental basis for the progress of HLD liver fibrosis injury mechanism. It provides specific therapeutic targets for the further development of drugs for the treatment of HLD.
MATERIALS AND METHODS
Antibodies and Reagents
Fetal bovine serum (FBS) was purchased from Hangzhou Sijiqing Co., Ltd. DMEM high sugar medium was from HyClone Co. (United States). Quick Auto Neo Cu was provided by SHINO-TEST Co. (JPN). PcTX-1 was bought from Abcam Co. (United States). Lipofect3.0, TRIzol™ Reagent, Opti-MEM were from Invitrogen Co. (United States). Amiloride, Copper sulfate (CuSO4) were purchased from Sigma Co. (United States). D (-)-Penicillamine (PCA), P38MAPK inhibitor SB203580 were from TargetMol Co. (China). P38MAPK agonist Dehydrocorydaline was from MedChemExpress Co. (United States). Antibody against phospho-P38MAPK (Thr180/Tyr182) (1:1,000 times dilution) (catalog number: AF4001), P38MAPK(1:1,000 times dilution) (catalog number:AF6456), GRP78(1:1,000 times dilution) (catalog number:AF5366), XBP1(1:1,000 times dilution) (catalog number:AF5110), ATP7B(1:1,000 times dilution) (catalog number:AF0410), CCS(1:1,000 times dilution) (catalog number:DF3971), ASIC1a(1:1,000 times dilution) (catalog number:DF9198), and β-actin (1:5,000 times dilution) (catalog number:T0022) were from Affinity Co. (United States). Antibodies against α-SMA (1:5,000 times dilution) (catalog number: bs-0189R) and Collagen-Ι (1:1,000 times dilution) (catalog number: bs-0578R) were purchased from Bioss Co. (China). All siRNA sequences were designed and synthesized by Shanghai Han Hang Seng Material Technology Co., Ltd. RNA primers were designed synthesized by Shanghai Biology Engineering Corporation according to the serial number from Genbank, as shown in Table 1.
TABLE 1 | Primer sequences of several genes for real-time PCR.
[image: Table 1]Establishment of Experimental Animals and Models
Sixty SPF grade male Wistar rats, weighing 160–200 g, were purchased from Jinan Pengyue Animal Breeding Co., Ltd. and raised in the school’s animal room (general-level breeding room) Pharmacy Anhui Medical University. The rats were housed adaptively for 1 week before the experiment. They were randomly divided into normal groups, copper load model groups, Amiloride groups, and PCA groups with 15 rats each. PCA was the positive control drug in the experiment. From the first day of the experiment, in addition to the normal group given ordinary feed, the other three groups were set up in the copper-loaded rat model, which our research group optimized according to the literature (Li et al., 1991). These groups were provided with 1.0 g/kg copper sulfate chow and 0.185% copper sulfate water for 12 weeks. The rats in each group ate equal amounts of food every day and drink freely. The feeding ecology of the normal group is the same as that of each model group. Starting from the 7th week, use intragastric gavage to intervene in each group. The normal group is given 0.02 ml/g saline once a day for six consecutive weeks, and the amiloride group is fed at 5 mg/kg Amiloride was intragastrically administered once a day for 6 weeks, and in the PCA group, PCA was administered once a day at 100 mg/kg for 6 weeks. During the process of modeling, observe the rat’s diet, water, activity, and mental status. After 12 weeks, the body weight was measured, and 10% chloral hydrate (0.4 ml/kg) was administered via the abdominal cavity for anaesthesia. Blood was collected from the abdominal aorta and centrifuged at 3,000 r/min to collect the serum. Part of the liver tissue was fixed with 4% neutral formaldehyde, and pathological and immunohistochemical experiments were performed. The remaining tissues were quickly placed in a freezer and stored at −80°C until testing. All the in vivo experiments were approved by the Animal Ethics Committee of Anhui Medical University and conducted by the Ethical Guidelines for the Care and Use System of Experimental Animals of Anhui Medical University.
Histomorphological Examination of Rat Liver
Observe the survival status of each group of rats after the completion of the model. After fasting for 12 h, the rats were sacrificed, and the serum and liver were harvested for follow-up experiments. For pathological examination, the liver lobes of each group were collected and fixed with 4% neutral formaldehyde. The HE staining method was conducted. In brief, the tissue sections were deparaffinized with xylene, washed with various levels of ethanol, stained with haematoxylin for 7 min, and differentiated with 0.5–1% hydrochloric acid ethanol for 30 s after washing. Then, the sections were rewashed with eosin solution for 1 min, conventionally dehydrated, made transparent, and mounted. After scanning on the PANNORAMIC digital slice scanner of 3DHISTECH, the levels of inflammation and fibrosis in the liver tissues of each group were observed using Case Viewer software. Timm’s copper staining was performed after dewaxing in 0.5% ammonium sulfide for 5 min, and the sections were completely washed and incubated with 0.1 N hydrochloric acid for 2–3 min to remove iron and zinc sulfide solutions. After washing, the sections were placed in fresh solution A (5% silver nitrate aqueous solution) and five parts of filtered liquid B (2.0 g of bisphenol, 5.0 g of citric acid, 100 ml of distilled water). The conversion of copper sulfide into silver sulfide was conducted for 3 min, and then, the sections were washed with water, dehydrated, made transparent, mounted, and scanned. Then, copper deposition was observed.
Serum Biochemical Index and Determination of Copper Content
An automatic biochemical analyser (Hitachi-3,100) was used to detect the content of copper ions in the rat serum samples according to the instructions of the copper ion biochemical kit. This instrument was also used to detect the content of ALT and AST in the rat serum samples according to the instructions of the kit.
Immunohistochemistry
Using the streptavidin-biotin-peroxidase complex (SABC) method, the tissues are deparaffinized and repaired under high-pressure conditions. The blocking solution was added and incubated for 25 min. Then, the primary antibody (diluted at 1:100) was added dropwise, and the samples were washed with PBS. Next, the biotin-labelled secondary antibody (1:100) and streptavidin-biotin-peroxidase complex (DAB) were added dropwise for color development. The sections were washed with distilled water, dehydrated and mounted, and the stained cell sheets were scanned. For the positive specimens, PBS was used instead of the primary antibody as a negative control. The diffuse brownish-yellow coloration of HSC cytoplasm indicated positive target protein expression.
Cell Culture and Growth Measurement
The rat hepatic stellate cell line HSC-T6 was obtained from Xiangya Medical College of Central South University. The rat hepatic stellate HSC-T6 cells were cultured in high-glucose DMEM containing 5% foetal bovine serum in an incubator at 37°C in 5% carbon dioxide. The HSCs were uniformly seeded in a 96-well plate at a density of 5 × 103 cells per milliliter, and after the cells assumed their normal morphology (usually 24 h), 100 μL medium per well was replaced with medium containing 1% serum as the negative (0 µM copper sulfate) control. To other wells, medium containing 20, 40, 80, and 100 µM copper sulfate solution was added, and the cells were incubated for 6, 12, and 24 h. Then, 10 µL of CCK-8 solution was added to each well, the cells were incubated for 2–4 h in an incubator, and the absorbance at 490 nm was measured with a microplate reader. The absorbance value indicated the viability and survival of the cells. The IC50 of HSC-T6 cells treated with copper was calculated based on the absorbance value and was used as the concentration of copper for stimulating the cell model in subsequent experiments.
Immunofluorescence
The treated cells were aspirated to remove the medium and washed with PBS three times. The cells were fixed in 4% paraformaldehyde for 10 min and then treated with PBS containing 10% bovine serum albumin (BSA) closed for 1 h. The cells were incubated with a primary antibody against phospho-P38MAPK (1:100 dilution) at 4°C overnight and then incubated with FITC-conjugated anti-rabbit IgG in the dark at 37°C for 1 h. After washing with PBS, the nuclei were stained with 4,6-dimidamino-2-phenylindole (DAPI) for 5 min in the dark and then examined by an inverted fluorescence microscope (Olympus, Tokyo, Japan).
Small Interference RNA Transfection
Hepatic stellate cells (2 × 105) were seeded into 6-well plates and cultured in a humidified incubator at 37°C and 5% CO2 for 24 h. According to the manufacturer’s protocol, cells were transfected with a negative control siRNA (NC-siRNA) and siRNA targeting ASIC1a by Lipofect3.0 and Opti-MEM. The sequence of targeted ASIC1a-siRNA was as follows: sense:5՛–GCGUGAAUUCUACGACAGA–3՛; Antisense: 5՛–UCU​GUC​GUA​GAA​UUC​ACG​C –3՛. The sequences of negative control siRNA were: sense: 5՛–UUCUCCGAACGUGUCACGUdTdT–3՛; Antisense: 5՛–ACGUGACACGUUCGGAGAAdTdT–3՛. The transfection efficiency was tested using Western Blot and qRT-PCR technology. After the transfection, discard the transfection reagent and change to a medium containing 20 μm copper sulfate. After culturing for 24 h, collect the cells for subsequent experiments.
Western Blot Analysis
The treated HSCs were incubated with 500 μL RIPA cell lysis buffer and 5 μL PMSF on ice for 30 min to lyse the cells. Then, the cells were centrifuged at 12,000 × g at 4°C for 30 min, the supernatant was removed, and the BCA protein detection kit was used for the quantitative analysis of the protein concentrations. After polyacrylamide gel electrophoresis, the proteins were transferred to a polyvinylidene fluoride (PVDF) membrane by electroporation. The membranes were incubated with 5% skimmed milk for 3 h and then incubated overnight at 4°C with a primary antibody specific for β-actin. After washing three times in Tris-buffered saline (TBS)/Tween-20, the membrane was incubated with horseradish peroxidase-conjugated rabbit anti-mouse (1:10,000, OriGene Technologies, Beijing, China) or goat anti-rabbit immunoglobulin G (IgG; 1:10,000, OriGene Technologies, Beijing, China) antibodies at 37°C for 1 h. The membranes were washed three times with TBS/Tween-20, and then an enhanced chemiluminescence (ECL) kit (Thermo Scientific, United States) was used for detection. β-actin served as the internal reference, and the image analysis software ImageJ was used to analyse the protein bands. The ratio of the target protein expression to β-actin expression is presented as the relative expression level of the target protein.
Real-Time Quantitative Polymerase Chain Reaction
The total cellular RNA was extracted using TRIzol™ reagent. Resuspend the extracted RNA pellets in 10 µl of ribonuclease-free water to dissolve the RNA. RNA content and purity were determined spectrophotometrically. According to the manufacturer’s instructions, cDNA was generated from purified RNA using the PrimeSciptTM RT reagent Kit (Takara). The cDNA analysis using SYBR Premix Ex Taq II (TAKARA) performed on Bio-Rad CFX connect fluorescent quantitative PCR system with 96 wells. All PCR runs were performed in triplicate, and the results were averaged. The gene expression levels and PCR efficiency, along with its standard error, were analysed, and the efficiencies were nearly 100%, allowing the use of the 2−△△Ct method to calculate the relative gene expression levels. β-actin was used as the reference gene for normalization.
Enzyme-Linked Immunosorbent Assay of IL-6 and TNF-α
The samples were pretreated, and blood samples were collected from rats by using a tube without pyrogen and endotoxin. The tubes were incubated at room temperature for 2 h to separate the serum. The samples were centrifuged at 3,000 × g for 15 min at 4°C, the supernatant (serum) was carefully collected, it was measured immediately or stored in a freezer at −20°C. The cell culture supernatants were transferred to centrifuge tubes and centrifuged at 1,000 × g for 20 min to remove cell debris and impurities. The supernatants were collected for later use. The samples were stored at −20 or −80°C. Perform enzyme-linked immunosorbent assay according to the instructions of the rat IL-6 and TNF-α kits. The optical density (OD value) of each well was measured at the 450 nm wavelength with a microplate reader, and the standard curve was drawn with the OD values of the standard samples. This standard curve was used to determine the concentration of the samples.
Statistical Analysis
The data were processed by GraphPad Prism 7 analysis software. Comparisons between the sample means of multiple groups was performed by one-way analysis of variance (one-way ANOVA), and comparisons of independent sample means was performed by t-test analysis. All the data were obtained from three independent experiments that were performed in triplicate and are presented as the mean ± standard error. p < 0.05 indicates that the difference is significant.
RESULTS
Copper Loading Induces the Activation of HSC-T6 and Activates ASIC1a
Our previous study showed that ASIC1a expression was increased in acid-induced hepatic stellate cells. Acidification of the HSC-T6 culture environment to PH 6.0 opened the ASIC1a channel and increased its mRNA and protein expression. In this study, the CCK-8 method was used to detect the viability of the HSCs cultured with different concentrations of copper sulfate solution after 6, 12, and 24 h (Figure 1A). GraphPad Prism 7 was used to graphically determine the concentration of CuSO4 required to reduce cell proliferation by 50% (IC50). The results showed that 20 µM copper sulfate was closest to the IC50 at 24 h, and thus, a cell model of copper sulfate treatment was established. The treated cells were collected, and Western blotting was used to detect the expression of ASIC1a and the fibrosis-related proteins α-SMA and Collagen-Ι. The results showed that the level of fibrosis was significantly increased after copper treatment (p < 0.01), suggesting that copper accumulation can activate acid-sensitive ion channel 1a and activate hepatic stellate cells (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Rates of HSC-T6 cell growth inhibition after treatment with different concentrations of copper sulfate for different times. The concentration of copper sulfate was set to 0, 20, 40, 80, and 100 µM. The data are shown as representative mitochondrial dehydrogenase activity as measured by CCK-8 assay. Data are expressed as the mean ± SEM (n = 3). *p < 0.05 vs. Control group (24 h); #p < 0.05 vs. Control group (6 & 12 h) (B) Activation of HSC-T6 cells and expression of ASIC1a in copper-treated cell models. The experimental group was repeated three times, and Western blotting analysis and densitometric quantification of ASIC1a, α-SMA, and Collagen-I protein levels in HSCs were performed. Statistical analyses were performed using t-test. Data are expressed as the mean ± SEM (n = 6). *p < 0.05, **p < 0.01 vs. Control group.
Inhibition of ASIC1a Improves Cu-Induced HSCs Activation and ERS
Excessive copper accumulation can cause ERS and ATP7B degradation in hepatic stellate cells. These processes are accompanied by the expression of inflammatory cytokines. Studies have shown that ERS is involved in the activation of HSCs and that ASIC1a plays a role in this process. ASIC1a-siRNA and Control-siRNA were mixed with Lipofect3.0 at a ratio of 1:1 and then transfected into rat hepatic stellate cells. After ASIC1a-siRNA was transfected into the rat hepatic stellate cells, the mRNA and protein expression levels of ASIC1a in the cells were decreased, and the differences were statistically significant (p < 0.05) (Figures 2A,B). In addition, the protein expression of ASIC1a in the hepatic stellate cells of the Control-siRNA group was not significantly different from that of the copper load model group. HSCs were preincubated with the ASIC1a-specific inhibitor psalmotoxin-1 (PcTx-1; 100 nM) for 1 h, and then, the medium was replaced with medium containing copper sulfate for 24 h. The Western blotting and qRT-PCR results showed that after blocking ASIC1a with the specific inhibitor PcTX-1 or transfecting cells with specific ASIC1a-siRNA to knock down ASIC1a expression, the expression of ASIC1a and the activation marker proteins α-SMA and Collagen-Ι was significantly reduced. Compared with the copper-loaded group, significant differences suggest that ASIC1a promoted the copper-induced HSC activation (Figures 2C–F). Some studies have shown that inflammatory cytokine-mediated inflammatory responses may also be involved in tissue damage in patients with HLD. The ELISA results showed that the levels of IL-6 and TNF-α in the medium were significantly increased in the CuSO4-induced group compared with the normal group, and the concentration decreased after the expression of ASIC1a was inhibited (Figures 2G,H). After downregulating ASIC1a expression, the expression of the ERS marker proteins GRP78 and XBP1 was significantly downregulated, and the difference was statistically significant (p < 0.05) (Figures 3A–D), indicating that ASIC1a may regulate the occurrence of ERS in copper-treated HSCs. Endoplasmic reticulum-associated degradation (ERAD) degrades the ATP7B protein, and copper accumulation increases this process. The expression of superoxide dismutase copper companion (CCS) may vary depending on the amount of copper in the environment. CCS contains 270–300 amino acid residues and specifically transfers copper ions to SOD1 in the form of homologous dimers, further promoting SOD1 disproportionation and protecting cells from oxidative free radical-mediated damage; thus, CCS is very important for maintaining intracellular copper homeostasis. After transfection with ASIC1a-siRNA, or intervention with inhibitor PcTX-1, we used Western Blot analysis to detect the expression of copper metabolism-related proteins CCS and ATP7B (Figures 4A–D). The results showed that after ASIC1a was downregulated, the decrease in the expression of ATP7B and CCS caused by copper load was significantly ameliorated. The difference was statistically significant (p < 0.05). The qRT-PCR test results of related indicators were consistent with the Western Blot results, indicating that ASIC1a may regulate the quality control of the ER to reduce the degradation of ATP7B and reduce the accumulation of copper in cells.
[image: Figure 2]FIGURE 2 | Effect of ASIC1a-siRNA transfection and PcTX-1 on ASIC1a, α-SMA, and collagen-Ι expression in HSC-T6 cells (A) Western blotting analysis and densitometric quantification of ASIC1a protein levels in HSCs after transfection of ASIC1a-siRNA; (B) mRNA levels of ASIC1a in HSCs after transfection of ASIC1a-siRNA (C) Expression of the fibrotic proteins in HSCs after transfection of ASIC1a-siRNA; (D) mRNA levels of α-SMA and Collagen-I in HSCs after transfection of ASIC1a-siRNA (E) Western blotting analysis and densitometric quantification of α-SMA, and Collagen-I protein levels in HSCs under PcTX-1; (F) mRNA levels of α-SMA, and Collagen-I in HSCs treated with PcTX-1 (G) Levels of IL-6 and TNF-α in cell medium after treatment with PcTX-1; (H) Levels of IL-6 and TNF-α in the cell medium after transfection with ASIC1A-siRNA. Statistical analyses were performed using t-test. Data are expressed as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. CuSO4 group.
[image: Figure 3]FIGURE 3 | The effect of regulating the expression of ASIC1a on ERS in copper-treated HSC-T6 cells (A) Western blotting analysis and densitometric quantification of GRP78, and XBP1 protein levels in HSCs treated with PcTX-1; (B) mRNA levels of GRP78, and XBP1 in HSCs treated with PcTX-1 (C) Western blotting analysis and densitometric quantification of GRP78, XBP1 protein levels in HSCs transfected with ASIC1a-siRNA; (D) mRNA levels of GRP78, XBP1 in HSCs transfected with ASIC1a-siRNA. Statistical analyses were performed using t-test. Data are expressed as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. CuSO4 group.
[image: Figure 4]FIGURE 4 | Effects of inhibition and silencing of ASIC1a on copper metabolism-related proteins (A) Western blotting analysis and densitometric quantification of ATP7B, and CCS protein levels in HSCs treated with PcTX-1; (B) mRNA levels of ATP7B, and CCS in HSCs treated with PcTX-1 (C) Effect of ASIC1a-siRNA transfection on the expression of copper metabolism-related proteins ATP7B and CCS; (D) mRNA levels of ATP7B and CCS in HSCs after transfection with ASIC1a-siRNA. Statistical analyses were performed using t-test. Data are expressed as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. CuSO4 group.
Copper-Induced ASIC1a Regulates Copper Transport Through the P38MAPK Signaling Pathway
It has been reported in the literature that P38MAPK can activate the ERS under copper accumulation conditions. We hypothesized that if the ERS mediated by ASIC1a under conditions of high copper requires the participation of the MAPK signalling pathway, downregulating the protein level of ASIC1a in HSCs would decrease the activation of signalling pathways. Western blotting analysis was used to detect the protein expression of phosphorylated P38MAPK in HSC-T6 cells after copper treatment. The results showed that p-P38 MAPK expression was significantly increased after copper treatment, suggesting that the P38 MAPK pathway may be involved in copper sulfate-induced HSC activation (Figures 5A,B). After the expression of ASIC1a was downregulated by transfection with ASIC1a-siRNA, the level of phosphorylated P38MAPK was reduced, suggesting that ASIC1a regulates the occurrence of ERS through the P38MAPK pathway. To further explore the role of the P38MAPK signaling pathway in ERS, P38MAPK signaling pathway inhibitors and agonists were used to regulate the level of phosphorylation P38MAPK, and then, whether ERS was improved was determined. Firstly, immunofluorescence was used to observe the effects of inhibitors and agonists on phosphorylation of the P38MAPK signaling pathway in HSCs (Figures 5C,D). After pretreatment of cells with inhibitor SB203580 (10 µM) for 24 h to block the P38MAPK pathway (Leelahavanichkul et al., 2014), the Western Blotting and qRT-PCR results showed that compared with the copper load group, the expression of ERS marker proteins GRP78 and XBP1 were significantly decreased, and the expression of ATP7B and superoxide dismutase CCS was relatively increased. The results were statistically significant (p < 0.05) (Figures 6A,B). Pretreatment with dehydrofumarine (100 nM) for 24 h can exacerbate ERS by activating the P38MAPK signalling pathway (Mugami et al., 2017). Compared with those in the copper load group, the GRP78 and XBP1 protein levels in the dehydrocorydaline group were significantly increased, while the expression of ATP7B and CCS was decreased (Figures 6C,D). These results indicated that the P38MAPK pathway accelerated the degradation of ATP7B by activating endoplasmic reticulum quality control and the unfolded protein response, leading to the exacerbation of copper accumulation, which was regulated by ASIC1a activation.
[image: Figure 5]FIGURE 5 | ASIC1a is involved in regulating the phosphorylation of P38MAPK under copper accumulation conditions (A) Protein expression of phosphorylated P38 MAPK in copper-treated HSC-T6 cells. Data are expressed as the mean ± SEM (n = 6). *p < 0.05, **p < 0.01 vs. Control group (B) Copper-induced changes in the level of phosphorylated P38MAPK in HSCs transfected with ASIC1a-siRNA. Data are expressed as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. CuSO4 group (C) Immunofluorescence detection of copper-induced phosphorylation of P38MAPK in hepatic stellate cells treated with the P38 MAPK pathway inhibitor SB203580. (magnification 200×) (D) Immunofluorescence detection of copper-induced P38 MAPK phosphorylation in hepatic stellate cells treated with the P38 MAPK pathway agonist dehydrocorydaline (PMA) (magnification 200×).
[image: Figure 6]FIGURE 6 | Inhibition and activation of the P38MAPK pathway regulates endoplasmic reticulum stress and copper transport (A) Western Blot detects the protein expression of GRP78, XBP1, copper transporter ATP7B, CCS after treatment with the P38MAPK pathway inhibitor SB203580; (B) The mRNA levels of GRP78, XBP1, ATP7B, CCS in cells treated with the SB203580 (C) Western blotting analysis and densitometric quantification of GRP78, XBP1, ATP7B, and CCS protein levels in HSCs treated with the P38MAPK pathway agonists dehydrocorydaline; (D) mRNA levels of GRP78, XBP1, ATP7B, and CCS in HSCs treated with dehydrocorydaline. The data are expressed as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Control group; #p < 0.05, ##p < 0.01 vs. CuSO4 group.
Calcium Channel Blockers Amiloride (ASIC1a Nonspecific Inhibitor) Improved Copper Accumulation and Fibrosis in the Liver of Copper-Loaded Rats
After establishment of the model, the serum copper contents of the rats in each group were detected by an automatic biochemical analyser (Table 2). The copper content in the model group was more than double that in the normal group (p < 0.01), suggesting the establishment of a copper-loaded rat model. Compared with the model group, the serum copper levels of the Amiloride group and PCA group were significantly reduced (p < 0.01), and there was no significant difference between these two groups. At the same time, the activity of rat serum ALT and AST were tested. The results showed that compared with the normal group, the serum ALT and AST activities of the model group, Amiloride group, and PCA group increased (p < 0.05). Compared with the model group, serum AST decreased in the Amiloride and PCA groups (p < 0.05). This result shows that as copper is deposited in liver cells, serum ALT and AST activities also increase. The results of HE staining showed that the structure of liver lobules in the normal group was intact and clear, and the liver cells arranged orderly manner (Pronicki, 2017). In the model group, fiber cords formed multiple pseudo-lobules, aggravation of fatty degeneration and necrosis, and cytoplasm observed vacuolation. Fibrosis in the Amiloride group was improved, necrosis and steatosis were reduced. In the PCA group, hepatocytes had extensive granular degeneration, improved fibrosis, and cytoplasm could see tiny red granules. Compared with the model group, each treatment group exhibited less degeneration and necrosis of liver cells, reduced pathological changes, and more complete cell structures (Figure 7A). Timm’s positive copper staining shows the uneven distribution of black particles or clump-like material deposits. The most marked accumulations of copper were found within the hepatocytes of the centrilobular zones, deposited in the perinuclear region or at the biliary pole of hepatocytes, or extended to the periportal zones. A single cell undergoing necrosis is occasionally seen enveloped in copper granules. Positive copper staining was observed in the model group and each treatment group, and the deposition of copper particles in the treatment group was decreased, with no difference between the groups (Figure 7B). According to the immunohistochemical results, the positive signal of the α-SMA protein was brown, and positive cell expression was observed in the model group and each treatment group. The number of positive cells in the model group is significantly higher than that in the blank group. The portal area of fibrogenesis, the peripheral blood vessels, and the cells around the hepatic sinuses near the fibrous cords also have positive expression. The number of positive cells in the D-penicillamine group and Amiloride group was significantly reduced compared with that in the model group, but there was no significant difference between the D-penicillamine and Amiloride groups (Figure 7C).
TABLE 2 | Activities of ALT and ALT, and concentrations of copper in sera of rats.
[image: Table 2][image: Figure 7]FIGURE 7 | Observation of pathological changes and α-SMA expression induced by Amiloride and D-penicillamine in the livers of copper-treated rats (A) Histopathological results of liver tissues of rats in each group (scale bar, 50 µM) (B) Timm’s copper staining was used to observe the deposition of copper particles in the liver tissues of rats in each group (scale bar, 50 µM) (C) The immunohistochemical method was used to detect α-SMA protein expression in liver tissues of rats in each group (scale bar, 50 µM).
Effect of Calcium Channel Blocker Amiloride on Fibrosis and Copper Transport in Copper-Loaded Rats
Western blotting showed that the protein level of ASIC1a was significantly different between the groups. ASIC1a was highly expressed in the liver tissue of copper-loaded rats. The expression of ERS marker proteins GRP78 and XBP1 were also significantly increased in the copper-loaded group compared with the normal group. The model group exhibited higher expression than the normal group. The relative expression was significantly increased. The relative expression of proteins in the D-penicillamine group and the Amiloride group was significantly decreased compared with that in the model group (Figures 8A,C) (p < 0.01). There was no significant difference between the Amiloride group and the D-penicillamine group. The expression of ATP7B and superoxide dismutase CCS was significantly decreased after copper treatment, and the expression in the D-penicillamine group and amiloride group was increased relative to that in the model group (p < 0.01) (Figure 8E). It is suggested that Amiloride inhibits the activation of ASIC1a by blocking calcium channels, reduces the occurrence of ERS, increases the expression of ATP7B and CCS, and ameliorates the accumulation of copper. The changes in gene levels of copper-loaded rats using qRT-PCR detect. The expression of ASIC1a, α-SMA, and Collagen-I in the copper-loaded group were significantly increased compared with that in the normal group (Figure 8B). The ERS-related factors GRP78 and XBP1 also showed high expression (Figure 8D), and the expression of ASIC1a was inhibited in the Amiloride group but not in the PCA group, while the expression of α-SMA, Collagen-1, GRP78, and XBP1 in the liver tissues of these two groups was reduced compared with that in the model group (p < 0.05). ATP7B and CCS are highly expressed in liver tissues of normal rats but significantly decreased in the model group, and the expression of the D-penicillamine group and Amiloride group was relatively increased compared with the model group (p < 0.01) (Figure 8F). The ELISA results showed that compared with the normal group, the copper-loaded group exhibited significantly increased serum IL-6 and TNF-α levels, suggesting that the inflammatory response is involved in the process of hepatolenticular degeneration (Figure 8G).
[image: Figure 8]FIGURE 8 | Protein and mRNA expression in liver tissues of Wistar rats treated with copper. Western blotting analysis and densitometric quantification of ASIC1a, α-SMA, and Collagen-I (A), ERS marker protein GRP78, XBP1 (C), ATP7B, and CCS (E) in the Wistar rats in each group. Changes in the gene expression of ASIC1a, α-SMA, and Collagen-I (B), the ERS marker protein GRP78, XBP1 (D), ATP7B, and CCS (F) in the liver tissues of copper-treated rats after amiloride and penicillamine treatment (G) Serum levels of IL-6 and TNF-a in Wistar rats. Statistical analyses were performed using a t-test. The data are expressed as the mean ± SEM (n = 4). *p < 0.05, **p < 0.01 vs. Normal group; #p < 0.05, ##p < 0.01 vs. HLD group.
DISCUSSION
Hepatolenticular degeneration, also known as Wilson’s disease (WD), is an autosomal recessive inherited disorder of copper metabolism, and it has a worldwide incidence of 1/30,000–1/50,000 (Xie and Wu, 2017; Członkowska et al., 2018; Sandahl et al., 2020). The abnormal gene is located on chromosome 13 q14 ∼ q21; this gene is also known as the ATP7B gene, and it encodes a P-type copper transporter ATPase (ATP7B protein) (Chang and Hahn, 2017). Copper is transported to ceruloplasmin in the reverse network of the Golgi apparatus and transported to vesicles for export into the bile when copper levels become excessive. Mutations in the ATP7B gene cause the ATP7B enzyme to lose its function, and the dysregulation of copper transport leads to the accumulation of copper in the liver and brain of patients. Accumulation of copper in the cytoplasm of hepatic epithelial parenchymal cells leads to necrosis of the liver. At the same time, large amounts of copper are released into the blood and deposited in tissues such as the brain, kidney, and cornea. The clinical features are progressive worsening of liver cirrhosis, extrapyramidal symptoms, psychiatric symptoms, kidney damage, and corneal pigment ring (Kayser-Fleischer ring, K-F ring). Serum copper in HLD patients binds to proteins in tissues and deposits in the liver, developing liver fibrosis and then developing liver cirrhosis (Hedera, 2017; Lorincz, 2018). If liver fibrosis can be detected early and treated in time, it can still be reversed. Therefore, intervention and treatment for HLD patients with liver fibrosis are of great significance (Huster and Lutsenko, 2007; Zischka and Lichtmannegger, 2014). In this experiment, a copper-loaded Wistar rat model was created by adding copper sulfate to the diet. We can use Timm’s staining to observe many copper particles deposits in the liver after 12 weeks of copper load, which appear as intracytoplasmic small black or greenish-black granules in the cytoplasm. It can be detected in liver cells around the portal vein. The automatic biochemical analyzer detected that the serum copper content of rats in the copper-loaded group was more than twice that of the normal group. Rats serum ALT and AST activities also increased after copper load, indicating that the excessive deposition of copper ions in the liver caused the damage of hepatocytes. There are also literature studies in patients with hepatolenticular degeneration and fibrosis patients with hepatic lobule disorders; the fibrotic lobule disorder may lead to the interruption of the bile ducts and then the bile flow disorder. In such patients, copper particles were also found to be deposited in the hepatocytes and perinuclear cytoplasm. It seems that copper staining also provides valuable information for assessing the progression of chronic liver diseases such as fibrosis (Miyamura et al., 1988). HE staining revealed characteristics of fibrosis. In addition, the total protein and RNA extracted from the rat liver tissues were examined, and the results showed that the expression of ATP7B and superoxide dismutase copper molecular chaperone CCS was significantly reduced after copper accumulation, suggesting a copper transport disorder. More importantly, this study found, for the first time the expression of ASIC1a in the liver tissues of copper-treated rats and that copper deposition and hepatolenticular fibrosis can be ameliorated by inhibiting ASIC1a.
Acid-sensitive ion channels are a type of cation channel activated by extracellular acid. The channels are permeable to Na+ and Ca2+ when they are open (Lingueglia et al., 1997; Holzer, 2009; Qadri et al., 2012). Under normal conditions, ASIC1a is mainly located on the nuclear and endoplasmic reticulum membranes. When ASIC1a is stimulated, it can be activated and transported to the cell membrane. The opening of the channel allows extracellular Ca2+ influx, which in turn causes a series of physiological and pathological changes in the cell (Babinski et al., 1999). The common characteristics of these pathological reactions are an acidification of the local tissue environment and a decrease in pH (Kollarik et al., 2007; Gründer and Chen, 2010). Our previous studies have shown that ASIC1a is highly expressed in fibrotic liver tissues in rats and hepatic stellate cells treated with the platelet-derived growth factor PDGF-BB (Pan et al., 2014; Wu et al., 2014). ASIC1a channels promote liver fibrosis by increasing intracellular Ca2+ concentrations. This experiment first used Western blotting to verify the expression of ASIC1a and the fibrosis-related proteins α-SMA and Collagen-Ι in HSC-T6 cells treated with CuSO4. The results showed that the expression of these proteins increased after copper loading, indicating that CuSO4 treatment promoted HSC activation and that ASIC1a plays a role in this process. Psalmotoxin1 (PcTX-1) is a tarantula polypeptide composed of 40 amino acids, and it is a specific blocker of ASIC1a but has no effect on other ASIC channels (Escoubas et al., 2000). Amiloride blocks the inactivation phase of all these channels, but it also blocks other transport systems at relatively high concentrations (Escoubas et al., 2003). After using specific inhibitors PcTX-1 and siRNA to block the expression of ASIC1a, the protein and mRNA expression of the HF marker proteins α-SMA and Collagen-Ι decreased significantly, suggesting that ASIC1a is involved in regulating α-SMA and Collagen-Ι expression. In the liver tissue of copper-treated rats, the expression of ASIC1a, α-SMA, and Collagen-Ι were significantly increased. After gavage with the nonspecific calcium channel inhibitor Amiloride, protein expression was downregulated, which is consistent with the results of the cell model. Interestingly, D-penicillamine, a drug used in WD treatment, also downregulates the expression of α-SMA and Collagen-Ι. It has been reported in the literature that this drug can also be used to treat fibrosis, but the effect is not ideal.
Studies have shown that the activation of ASIC1a induces an influx of extracellular calcium, and disturbances in the ER environment, such as reduced intracavity calcium concentration or changes in redox status, can affect protein folding and processing (Krebs et al., 2015). A reduction in the folding capacity and an accumulation of misfolded proteins in the ER activate a series of signalling pathways, collectively known as the ERS response or UPR. Mitogen-activated protein kinases (MAPKs) belong to the silk protein/threonine kinase family. MAPKs are important molecules that accept signals transmitted by receptors and transduce those signals to the nucleus. It has an important mechanism involved in gene expression regulation, cell proliferation, and death and plays a vital role in various receptor signal transmission pathways (Sun et al., 2015). The P38MAPK signaling pathway is an essential member of the MAPK family and plays a vital role in inflammation and stress response. Recent studies found that the expression of ATP7B mutants activated the P38 MAPK kinase signalling pathway and inhibited the transport of ATP7B from the ER to the Golgi, which was conducive to the rapid degradation of the mutants. Due to the degradation in the ER, the mutant protein is only expressed at 20% of the wild-type protein, so rapid degradation may be the main reason for the loss of ATP7B function in HLD patients. To further explore the mechanism by which ASIC1a is involved in HLD fibrosis, in this experiment, CuSO4 was used to establish copper accumulation models in Wistar rats and HSC-T6 cells, and the expression of ERS protein markers and phosphorylated P38 MAPK was detected. The Western blotting and qRT-PCR results showed that the expression of the ERS-related factors GRP78 and XBP1 was significantly increased after treatment with high copper levels, and phosphorylation of the P38 MAPK was increased. However, after gavaging rats with amiloride or pretreating HSC-T6 cells with PcTX-1 or ASIC1a-siRNA, the expression of the abovementioned proteins was reduced. It is suggested that ASIC1a participates in the occurrence of ERS through the P38MAPK pathway and regulating the expression of ASIC1a can attenuate the ERS, which can reduce the degradation of unfolded and misfolded proteins, thus providing a possibility for the retention of ATP7B mutants.
In summary, as shown in Figure 9 that ASIC1a expression increases in HF tissues of copper-loaded rats and in HSC-T6 cells treated with CuSO4. ASIC1a is activated and opened, and the influx of extracellular Ca2+ induces the UPR in HSCs and accelerates ATP7B mutant degradation in the ER. During ATP7B mutant degradation, activation of the P38 MAPK signalling pathway regulates ERS and ASIC1a expression through a positive feedback loop. Rescuing the ATP7B mutant in the ER may be an attractive approach for treating HLD. However, the specific mechanisms by which ERS is activated and stimulation signals are delivered to ASIC1a are not yet clear. The extent to which the inhibition of these pathways can prevent the toxic accumulation of copper in model animals or patients with corresponding ATP7B mutations remains to be determined.
[image: Figure 9]FIGURE 9 | Endoplasmic reticulum stress mediated by ASIC1a through the P38 MAPK signalling pathway contributes to the activation of HSCs and the degradation of ATP7B induced by copper.
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Inflammatory bowel disease, irritable bowel syndrome and severe central nervous system injury can lead to intestinal mucosal barrier damage, which can cause endotoxin/enterobacteria translocation to induce infection and is closely related to the progression of metabolic diseases, cardiovascular and cerebrovascular diseases, tumors and other diseases. Hence, repairing the intestinal barrier represents a potential therapeutic target for many diseases. Enteral afferent nerves, efferent nerves and the intrinsic enteric nervous system (ENS) play key roles in regulating intestinal physiological homeostasis and coping with acute stress. Furthermore, innervation actively regulates immunity and induces inherent and adaptive immune responses through complex processes, such as secreting neurotransmitters or hormones and regulating their corresponding receptors. In addition, intestinal microorganisms and their metabolites play a regulatory role in the intestinal mucosal barrier. This paper primarily discusses the interactions between norepinephrine and β-adrenergic receptors, cholinergic anti-inflammatory pathways, nociceptive receptors, complex ENS networks, gut microbes and various immune cells with their secreted cytokines to summarize the key roles in regulating intestinal inflammation and improving mucosal barrier function.
Keywords: norepinephrine, cholinergic anti-inflammatory pathway, enteric nervous system, sensory neurone, immunity, gut microbes
INTRODUCTION
Function of the digestive tract is controlled by both CNS and ENS, and it is one of the most extensive immune organs in the body, maintaining the balance between immunogenicity and immune tolerance of food, foreign bodies and microorganisms. An increasing number of studies have found that the neuroimmune gut-brain axis has a significant impact on the quality of life and disease outcomes of patients with nonspecific IBD, IBS and functional dyspepsia (FD) and plays an important role in regulating gastrointestinal dysfunction caused by stroke (Huang et al., 2019) and neurodegenerative diseases (Vanuytsel et al., 2014; Han et al., 2017; Campos-Acuna et al., 2019). Peripheral nerves transmit information on the intestinal immune state to the CNS, which regulates the intestinal microenvironment.
Intestinal epithelial cells (IECs) is the first immune barrier against foreign substances or microorganisms. Intestinal stem cells differentiate at the base of the crypts (Bernstein, 2017) to form a variety of IECs, such as Paneth cells, intestinal endocrine cells (Goll and van Beelen Granlund, 2014), M cells (Mabbott et al., 2013; Lai et al., 2019), epithelial cells that absorb columnar, goblet cells that secrete mucus (Bron et al., 2017; Wells et al., 2017; Murai et al., 2018). And the protein complexes composed of tight junctions, adhesive junctions, desmosomes and gap junctions to regulate the function of the intestinal epithelial barrier. Pattern recognition receptors (PRRS) expressed on IEC monitor the dynamic microbial environment and actively participate in the cellular immune response of mucous membrane. Among them, goblet cells and Paneth cells participate in adaptive immunity regulation via transporting and secreting IgA (sIgA) and antimicrobial peptide (AMP). Monocyte phagocytes and antigen-presenting cells (APCs) in the lamina propria of the intestine affect the initiation of cellular and humoral adaptive immune response by communicating with IEC. Persistent intestinal barrier dysfunction, IEC death and inflammation are significant characteristics of IBD. Intestinal cavity antigens pass through the damaged intestinal barrier, resulting in intestinal wall immune activation, but the increase in intestinal mucosal barrier permeability is also the result of inflammatory alterations. Therefore, changes and causal relationship in intestinal mucosal permeability with nerves and immune activation are also the focus of our discussion (Vanuytsel et al., 2014).
A large number of studies have confirmed that nerves regulations or immune responses play a critical role in the repair of intestinal mucosal barrier in IBD. This paper focuses on the crosstalk between Autonomic nervous system (ANS), afferent nerve and ENS and the immune impact on IEC, as well as their protecting role in intestinal mucosal barrier. The gastrointestinal mucosal barrier is dominated by ANS, and the muscle function and blood flow of the mucosa are regulated by sympathetic nerves, which secretion neurotransmitters combine with receptors on intestinal immune cells to affect intestinal mucosal barrier function. While the vagus nerve (VN) indirectly regulates histamine secretion, resulting in increased intestinal mucosal barrier permeability (Li et al., 2020). The VN is responsible for the regulation of the intestinal tract by the parasympathetic nervous systems (PNS), which extends from the brain stem to the intestinal ENS and is the primary nerve connecting the gut-brain axis. Nicotine or electrical stimulation of the VN activates the CAIP and inhibits proinflammatory cytokines without interfering with the expression of anti-inflammatory factors (Báez-Pagán et al., 2015). Among them, intestinal resident muscularis macrophages (MMΦs) can not only prevent neuron apoptosis through upregulating β2-adrenergic receptor (β2-AR) signal, but also exert anti-inflammatory effect upon VN, which a critical part of intestinal mucosal barrier (Meroni et al., 2018; Matheis et al., 2020). Sensory afferent nerves located in the spinal cord and brainstem can release neuropeptides to stimulate mast cell degranulation and regulate the intestinal adaptive immune response. The axonal end of the afferent nerve of the dorsal root ganglion (DRG) extends into the intestinal mucosa, which is the primary monitor of bacterial infectious IBD (Xu et al., 2018). The ENS controls intestinal function independently of the CNS, and enteral glial cells (EGCs) support the ENS network and maintain the integrity of the epithelial barrier. Intestinal motor neurons regulate the production of AMP by secreting neurotransmitters and innate lymphoid cells (ILCs) to protect the intestinal mucosal epithelium (Ibiza et al., 2016; Kermarrec et al., 2018; Talbot et al., 2020). In addition, some intestinal microorganisms and metabolites have been shown to regulate the development and function of exogenous nerves and the ENS, which can bind to toll-like receptors on immune cells to induce an adaptive immune response.
Under background of gut-brain axis interaction, this paper reviews how different branches of the nervous system interacting with the intestinal innate and adaptive immune response can futher modulate the function of intestinal mucosal barrier. Summarizing the symptomatic of bowel infection and intestinal inflammation, would provide reference for the treatment of intestinal mucosal barrier injury, which is the intermediate link of CNS injury and other diseases.
INTESTINAL EFFERENT NERVE-IMMUNITY AND INTESTINAL MUCOSAL BARRIER FUNCTION
ANS is composed of sympathetic nervous system (SNS) and PNS. It branches from CNS to form preganglionic neurons, and exchanges at nerve trunk or ganglions besides terminal effectors for SNS and PNS respectively, to regulate target organs. Postganglionic-sympathetic and parasympathetic fibers entering the intestinal wall form synapses with some enteric ganglion cells, transmit CNS information, and regulate gastrointestinal function. The SNS has a major inhibitory effect on gastrointestinal muscle and mucosal secretion, while the PNS has both excitatory and inhibitory effects on stomach, intestine and pancreas function, which is manifested as a more complex steady-state regulation (Verheijden and Boeckxstaens, 2018) (see Figure 1). Abnormal intestinal mucosal barrier function is closely related to the occurrence of intestinal diseases. Intestinal nerve regulation of intestinal immunity controls the function of the intestinal mucosal barrier. Early research found that patients with IBD exhibit ANS dysfunction, primarily manifesting as weakened VN function and enhanced sympathetic nerve function, accompanied by reduced functional neuron activity and reduced neurotransmitter release.
[image: Figure 1]FIGURE 1 | The gut brain axis and neuroimmunity. (A). The CNS connects with the intestine through the ANS and afferent nerves. By regulating immune cells and cytokines, it affects the function of the intestinal epithelial cell barrier. The specific types of immune regulation are shown in (C). (B). The ENS transmits information to the CNS through sensory nerves. Moreover, motor neurons, intermuscular neurons and intestinal glial cells of the ENS interact with intestinal resident or exogenous immune cells and then affect the composition and function of the intestinal mucosal epithelial barrier. The specific immune types are shown in (C). (C). ANS fibers from the CNS extend into intestinal tissue. Sympathetic nerve fibers bind to β2-AR on immune cells by releasing NE. VN downregulates proinflammatory factors by regulating macrophages, preserving the function of intestinal epithelial goblet cells and Paneth cells (Brinkman et al., 2019). When external stimulation occurs, the vagal afferent nerve and spinal afferent nerve act on the intestine and release neurotransmitters, such as CGRP, SP, VIP, etc., and then activate immune cells, such as mast cells, to regulate cytokine levels, injuring the gastrointestinal mucosa (Lai et al., 2017). The motor neurons and glial cells in ENS primarily constitute the submucosal plexus and intermuscular plexus. They regulate proinflammatory factors with intestinal resident immune cells to monitor the status of intestinal epithelial cells and promote intestinal homeostasis (Furness, 2012; Vergnolle and Cirillo, 2018). A variety of nerve and immune groups interact to maintain the integrity of the intestinal epithelial cell layer and the normal function of IECs.
Sympathetic Nervous System
Catecholamines released by the sympathetic nerve and the circulation of the adrenal medulla system affect intestinal lymphoid tissue, regulate intestinal immunity and affect intestinal mucosal barrier function (Cole et al., 2015). The axons of brainstem neurons project onto the presympathetic neurons of the spinal cord, releasing the primary neurotransmitter acetylcholine (Ach) at the ganglion site and releasing NE from the sympathetic neurons of the target organ. Mice lacking the Adra2ac receptor exhibit increased levels of NE throughout the body (Araujo et al., 2019). Upon activation of SNS at spleen, NE is released to bind α/β adrenergic receptor expressed on immune cells to facilitate neuroimmune communication. As a broad immunosuppressant, NE exerts an anti-inflammatory effect on innate immune cells, reducing the number of lymphocytes (Mracsko et al., 2014), increasing the number of immature monocytes, limiting the proliferation of specific antigen CD4+ T cells (Araujo et al., 2019), regulating the large number of cytokines produced by myeloid cells and lymphocytes (Mracsko et al., 2014; Agac et al., 2018; Willemze et al., 2019b) (see Table 1) and restricting the activation of T lymphocytes by inhibiting the interaction of APCs (see Table 1) (Agac et al., 2018). The catecholaminergic neurotoxin 6-OHDA treatment denervates the SNS and significantly reduces the migration of neutrophils and monocytes (Mousa et al., 2010).
TABLE 1 | Summary of SNS-intestinal immunity manifestations in different diseases.
[image: Table 1]The SNS innervates all layers of the intestine and gut-associated lymphoid tissue, and the mesenteric lymph nodes (MLN) is innervated by sympathetic neurons projected by the superior mesenteric ganglion (Murray et al., 2019). In transcriptomics results of MMΦ, it was found that the Adrβ2 gene abundantly expressed and induces differentiation into an inflammatory phenotype (Gabanyi et al., 2016). Due to the anti-inflammatory effect of the SNS on innate immunity, the role of nerves and immunity in the treatment of IBD has been extensively studied (Willemze et al., 2018; Willemze et al., 2019a) (see Table 1). After administration of 6-OHDA or superior mesenteric sympathetic nerve transection in IBD mice, the concentration of catecholamines in the ileum was decreased, the score of colitis syndrome was significantly increased, levels of Th1 cytokines were increased, the “depletion rate” of goblet cells was significantly increased, and expression of the antimicrobial peptide Reg3 γ in the ileum was decreased (Willemze et al., 2019b) (see Table 1); in vitro experiments showed that β2AR deficiency further aggravated the inflammatory response of bone marrow-derived macrophages induced by LPS (see Table 1) (Agac et al., 2018). At the anatomical level, VN sparse distributing in the intestinal mucosa and submucosa, so activation SNS to initiate on the CAIP has been intensively studied. In this study, it was confirmed that the anti-inflammatory Choline acetyltransferase (ChAT)+ T cells in the intestinal mucosa and Peyer’s patches (PP) are increased by the activation of β2AR receptors, thereby improving the integrity of the intestinal mucosal barrier and symptoms of colitis (see Table 1) (Willemze et al., 2019a). Treatment by stimulating sympathetic nerve which specifically induces vagal afferent branch initiate anti-inflammatory pathway by prohibiting pro-inflammatory cytokines, activating anti-inflammatory cytokineswhich is the key mechanism of septic shock and colitis (Murray et al., 2019). Furthermore, stimulating SNS inducing histidine decarboxylase (HDC)+ mast cells proliferation thus inhibiting intestinal peristalsis (Yamate et al., 2011) (see Table 1). Liu et al. confirmed that expression of the TREM1 receptor (medullary triggering receptor1) on macrophages with a proinflammatory phenotype in the intestinal lamina propria was increased in a dose-dependent manner with NE, which increased the permeability of intestinal epithelial cells, increased the translocation of intestinal bacteria, and further aggravated brain injury (see Table 1) (Liu et al., 2019).
Parasympathetic Nervous Systems
Parasympathetic innervation of the gastrointestinal tract depends on the VN (Verheijden and Boeckxstaens, 2018; Brinkman et al., 2019). The VN branches from the brainstem to the second segment of the transverse colon, supplying visceral organs with asymmetric motor neurons (Teratani et al., 2020) and abdominal branches into the stomach, pancreas, small intestine and colon. Approximately 80% of VN are afferent nerves, while 20% are efferent nerves. Intestinal VN efferent fibers are primarily distributed in the interganglionic nerve tracts and myenteric nerve plexus in the ENS, regulating fluid flow, hormone secretion, gastrointestinal peristalsis, and mucosal barrier function (Nijhuis et al., 2010). The VN, located in the dorsal motor nucleus, is involved in regulating gastric smooth muscle relaxation in Parkinson’s disease (PD) rats. Central dopaminergic neurodegeneration leads to a decreased density of intermuscular cholinergic neurons and a significant decrease in the concentration of Ach in extragastric muscles (Pellegrini et al., 2015).
VN does not innervate lymphatic organs, but participate in the regulation of intestinal barrier function through afferent and efferent fibers. The anti-inflammatory effects of VN efferent pathway are discussed in this paper. In animal models of sepsis, it was found that stimulating VN significantly inhibited inflammatory cytokine levels and improved animal survival rates, suggesting the CAIP (Kanashiro et al., 2017). VN’s terminal releases Ach, binds to the nicotinic acetylcholine receptor (nAChR) expressed on macrophages (Wang et al., 2003), downregulates the pro-inflammatory factor and inhibits the nuclear transmigration of the nuclear transcription factor NF-KB (Báez-Pagán et al., 2015). IBD is mainly manifested as a persistent inflammatory state, which can activate macrophage a7nAChR through the recruitment of Jak2 by nicotine, and activate the anti-inflammatory STAT3 and SOCS3 cascade signals to play their roles (de Jonge et al., 2005). Studies have found that VN cutting leads to communication barriers with mast cells, which cannot inhibit mast cell degranulation and protect intestinal mucosal barrier permeability, that is another mechanism of IBD (see Table 2) (de Haan et al., 2013). In addition, nicotine treated mature dendritic cell (DC) (Oyanguren et al., 2015) enhanced endocytosis and significantly reduced the secretion of pro-inflammatory factor (Nijhuis et al., 2010), and cholinergic nerve activation also had an effect on the “bias” of T cell differentiation (see Table 2) (Daoud et al., 2014; Bosmans et al., 2019; Teratani et al., 2020). β2-AR on DC stimulates ChAT+ T to enhance the epithelial AMP defense of the intestinal mucosa, which in turn prevents the composition and translocation of microorganisms (Dhawan et al., 2016). Interestingly, Bosmans et al. found that the improvement of Th2 inflammation by VN didn’t depend on the classic CAIP, but through the activation of cx3cr1hi macrophages to produce immunosuppression, stimulate VN can inhibit MC to produce proteases and improve the membrane barrier transepithelial electrical resistance (see Table 2) (Bosmans et al., 2019). In addition to bone marrow derived macrophages, vagal nerve stimulation can also inhibit the activation of intestinal resident macrophages (Meroni et al., 2018), to prevent inflammation of the external muscle layer (Matteoli et al., 2014). Prucalopride, a 5-HT4R agonist, has also been shown to inhibit the activation of MMφ through the α7nAChR-mediated vagal pathway, preventing monocyte influx (Stakenborg et al., 2019).
TABLE 2 | Summary of VN-intestinal immune manifestations in different diseases.
[image: Table 2]The activation of VN afferent neurons leads to the activation of efferent motor neurons, which form synapses with sympathetic nerve cells in the abdominal ganglion, and innervate the spleen through postganglionic neurons. Activated spleen memory T cells produce cytokines to regulate anti-inflammatory immunity (Rosas-Ballina et al., 2011; Matteoli and Boeckxstaens, 2013). Nullens et al. found that administration of GTS-21, a selective a7nAChR agonist, regulated the VN-spleen macrophage circuit, improved intestinal mucosal barrier permeability, reduced bacterial translocation, and prevented further activation of gastrointestinal immune cells, providing a reasonable explanation for the treatment of multibacterial abdominal septicemia (Nullens et al., 2016) (see Table 2). When the intestinal mucosa encounters microbial molecules, Paneth cells and goblet cells secrete immunoglobulin and AMP, which assist in building the mucosal barrier function. Willemze et al. found that ChAT+ T cells detected in intestinal PP played a dual role in the colitis model. In the acute phase, leukocytosis activated the Th1 type immune response in the intestine and the mucosal barrier was destroyed; while in the remission phase of disease, after CD4+T cells specifically knocked out the CHAT gene, inflammation was poorly restored, M1 macrophage levels were increased, and goblet cells were depleted, suggesting that cholinergic T cells of non-neural origin are a special form of VN to rescue colitis in the later stages (Willemze et al., 2019a) (see Table 2).
INTESTINAL AFFERENT NERVE-IMMUNITY AND INTESTINAL MUCOSAL BARRIER FUNCTION
Nerves that perform impulse conduction from nerve endings to the center are afferent nerves, which are composed of sensory nerve fibers. Visceral sensory nerve fibers are often colocalized with autonomous sympathetic and parasympathetic nerves, but due to their special role in maintaining homeostasis, sensing danger and initiating protection, it is necessary to recognize their role in regulating intestinal immunity and function. Sensory neurons are equipped with specific types of ion channel sensors to complete functions, such as detecting changes in the environment. The activation of ion channels leads to the influx of Na+ and Ca2+, which converts the stimuli into electrical signals and completes the physiological process.
In a typical neural reflex circuit, the sensory neurons transmit peripheral changes to intermediate neurons of the CNS, while motor neurons on efferent nerves transmit signals to peripheral tissue. According to the literature, the gastrointestinal tract is primarily dominated by three kinds of sensory neurons: DRG (spinal nerve afferent), ganglion/cervical ganglion (vagus nerve afferent), and intrinsic primary afferent neurons (IPANs) (see Figure 1) (Lai et al., 2017). VN afferent nerve, the only cranial nerve innervating thoracic and abdominal sensory responses, is an important part of the neuro-immuno-endocrine axis. The afferent cell body of the spinal cord enters the spinal cord along the DRG, forms synapses in the dorsal horn, or continues upward, forming synapses in the brainstem to transmit information to the center (Spencer et al., 2016).
Spinal Afferent Nerve
After injecting anterograde markers into live mice, spinal cord afferents in the large intestine were found to be primarily distributed in the muscular-enteric ganglion, submucosa, and inner ring muscle layer (Spencer et al., 2016; Yu et al., 2016). Due to the large distribution of spinal cord afferents from the lumbosacral region in the colon, it has become a major node in the study of pain perception and inflammation in the colon.
The ability to perceive painful stimuli is mediated by nociceptors, and their role is to minimize damage as much as possible. The nerve endings that receive signals secrete many neurotransmitters, such as calcitonin-related gene peptide (CGRP), substance P (SP), tachykinin, nitrogen oxide (NO), and cholecystokinin, which combine with the corresponding receptor to exert immune regulatory effects. Nociceptive neurons have an effect on systemic immunity, for example, by expressing the relevant receptors and binding to cytokines (de Macedo et al., 2019) and chemokines (Chen et al., 2020) produced by leukocytes to indirectly detect the host state. TRPV1 is a representative nociceptive neuron, secreting the anti-inflammatory CGRP which specifically downregulates the TNF-ɑ level after activation, exerting a synergistic anti-inflammatory effect with macrophagesand DCs, maintaining intestinal mucosa homeostasis (Assas et al., 2014). After nociceptors activation, macrophages are launched, and pathological pain is enhanced (Chen et al., 2020). Similarly, nociceptors also play an important role in the conversion of cytokines involved in Th1/Th17- and Th2-type immunity (Kashem et al., 2015; Pinho-Ribeiro et al., 2018; Crosson et al., 2019).
Nociceptors sense pathogenic bacteria in the intestine and exert immune regulation in advance. Lai et al. found in an ileal inflammatory disease model simulated by Salmonella infection, that TRPV1 and Nav1.8-type nerves directly regulate levels of APCs in the intestinal epithelial cell layer to limit damages in the intestinal mucosal barrier and disturbances of intestinal flora caused by the pathogenic bacteria invading (see Table 3) (Lai et al., 2019). TRPM8, a cold sensation receptor or can be activated by menthol and icilin,, has been found to directly inhibit the proliferation and activation of myeloid immune CD11c+ DCs after targeted ablation (see Table 3) (de Jong et al., 2015). Although TRPM8−/− mice are more likely to experience colitis, studies have found that loss of TRPM8 can not cause intestinal barrier dysfunction or epithelial cell tissue destruction (Ramachandran et al., 2013). In bacterial colitis diseases, ILCs activate IL-22 and enhance the bactericidal ability of IECs to produce AMP. Recent studies have found that TRPV1 plays a cooperative role in it; TRPV1−/− mice IL-22 and T cell recruitment are reduced in the colon, and the gut flora is transferred to surrounding organs (Ramirez et al., 2020) (see Table 3).
TABLE 3 | Summary of Afferent nerve-intestinal immunity manifestations in different diseases.
[image: Table 3]Changes in the nature of sensory neurons produce peripheral pain (Salameh et al., 2019), and IBD-related sequelae include functional symptoms of remission and increased anxiety (Akbar et al., 2008). The pain associated with gastrointestinal inflammatory diseases is often accompanied by mast cell infiltration. Abnormal neuroimmunomodulation in IBS leads to visceral hypersensitivity. Mast cells release tryptases bined with PAR2 receptors to release the neurotransmitters CGRP and SP, which in turn aggravate mast cell activation and worsen colonic inflammation. In acute gastric mucositis, TRPA1 is a temperature-sensitive receptor that activates and releases SP in large quantities, leading to submucosal mast cell degranulation, mediating neurogenic inflammation and damaging gastric mucosal tissue. HC-030031, a specific antagonist of TRPA1, reverses this nociceptive stimulation and plays a protective role (Xu et al., 2018) (see Table 3).
Vagus Afferent Nerve
Afferent fibers of the vagus nerve originate in different intestinal layers, but they all terminate in the solitary nucleus (NTS). The VN afferent branch that connect the dorsal motor nucleus (DMV) with the NTS is the site where visceral sensory information is collected and integrated (see Table 3) (Bonaz et al., 2017). Persistent chronic inflammation of IBD induces TNF-α, IL-6, etc. to bind correspondant receptors on the vagus neuron, to activate the Hypothalamic-Pituitary-Adrenalin axis to release glucocorticoids to suppress inflammation. In addition, the vagal afferent nerve transmits information to the efferent nerve to exert anti-inflammatory effects of CAIP and is an important method to treat IBD.
Oral tolerance is an important way for intestinal mucosal immunity that maintain homeostasis. The latest research has found the liver VN sensory afferent branch senses the intestinal microenvironment, transfers sensory input to the NTS, and terminates in the vagal parasympathetic nerve and intestinal neurons, forming a liver-brain-gut network which is a novel Neuroimmune modulatory mechanism (Teratani et al., 2020). Interruption of the left vagus afferent nerve of the liver reduces the number of pTregs (peripheral regulatory T cells) that activate APCs, resulting in the increased susceptibility to colitis.
INTESTINAL INTRINSIC NERVE-IMMUNITY AND INTESTINAL MUCOSAL BARRIER FUNCTION
Intestinal innervation is provided by the ENS, an interconnected network of neurons and glial cells that controls intestinal movement, fluid exchange on the mucosal surface, blood flow, and intestinal hormone secretion (see Figure 1) (Furness, 2012; Keita and Söderholm, 2010). Under the physiological and pathological backgrounds, IPANs and intrinsic effector neurons control mucosal function, blood flow, and immune cell migration (Vergnolle and Cirillo, 2018) (see Figure 1). Intestinal inflammation caused by the autoimmune of EGC is a possible pathological mechanism of Crohn’s disease, suggesting the communication between ENS and intestinal immunity (Cornet et al., 2001).
Enteric Neuron-Immunity and Intestinal Mucosal Barrier Function
Different locations, branches, and identities of neighboring cells create the richness and specificities of neurons. Single-cell sequencing further divides enteric neurons into more natural nitrate energy (i.e., expresses neuronal nitric oxide synthase Nos1, ENT1-3) and cholinergic functions (i.e., expresses chat and Slc5a7, ENT4-9) (Zeisel et al., 2018). ENS neurons secrete large amounts of neurotransmitters and neuropeptides, such as Ach, NE, NO, Vasoactive Intestinal Peptide (VIP), and SP. The ENS is an important component of the intestinal innate immune response. Intestinal-specific IL-18 neurons can drive the production of AMP in goblet cells and protect against Salmonella typhimurium, which is very important for coordinating homeostasis of the mucosal barrier (Jarret et al., 2020). The early stage in diabetic rats (BB-DP) is characterized by high permeability of the intestinal mucosal barrier. As time goes on, mucosal immunity is activated, and myenteric nitrogenous neurons are lost and exhibit loss of function, which eventually leads to intestinal dyskinesia (see Table 4) (Vanuytsel et al., 2014). Gastrointestinal dysfunction, one of the early symptoms of PD, has been observed in animal models in which CD4+ T cells drive inflammatory responses in the intestinal mucosa, leading to a decrease in the number of dopaminergic neurons in the myenteric and submucosal plexuses (see Table 4) (Campos-Acuna et al., 2019). In addition, amyloid β deposition and overexpression of phosphorylated Tau protein in intestinal myenteric neurons of neurodegenerative disorder Alzheimer’s disease (AD) mice, significantly increased the number of CD68+ macrophages in the ileum and further led to the loss of intramuscular nitrogenous and cholinergic neurons in the ENS (see Table 4) (Han et al., 2017). Intestinal cholinergic neurons also provide treatment ideas for intestinal inflammation and damage to the mucosal barrier by activating immunity. Stanley et al. found that in gastrointestinal disorders associated with stroke, due to a loss of ileal cholinergic ChAT+ neurons, which stimulate the development of proinflammatory immunity, increased barrier permeability led to intestinal bacterial translocation and secondary infection (Stanley et al., 2016) (see Table 4).
TABLE 4 | Summary of ENS-intestinal immunity manifestations in different diseases.
[image: Table 4]Intestinal resident macrophages are specific subtypes of macrophages that form populations in the intestine with peripheral monocytes, myeloid cells and self-sustaining macrophages (Na et al., 2019). An imbalance in macrophage subsets is closely related to abnormal submucosal vascular networks and neuronal degeneration in the ENS. After oral administration of SPIB mice were infected, the signal of the β2ARs in MM φ caused activation of sympathetic SMG ganglia and release of NE (Gabanyi et al., 2016); vagal afferent nerves can regulate the anti-inflammatory effect of MMφ (Matteoli et al., 2014). MMφ can quickly respond to pathogens that infect the intestine and limit neuron loss caused by infection through the MMφ-β2 adrenaline arginase 1-polyamine axis (Matheis et al., 2020). Disruption of the M1/M2 macrophages is accompanied by the loss of enteric neurons and enteric neural stem cells and interferes with epithelial barrier integrity (Becker et al., 2018). The development of MMφ is controlled by the Colony Stimulating Factor (CSF1) expressed by intestinal neurons. The number of NO neurons in the intestine of CSF−/− mice was increased, and the lack of bone morpho protein 2 expression in MMφ led to the immaturity of myenteroneurons (Cipriani et al., 2019). Macrophage depletion after anti-CSF1R treatment affected the differentiation of Paneth cells and impaired the differentiation of intestinal epithelial cells.
Intestinal Motor Neuron
Motoneurons secreted in the intestine, such as VIP+ neurons and Neuropeptide Y (NPY)+ neurons, regulate a variety of immune cells. VIP+ neurons mediate VIP secretion, monitor intestinal epithelial status by regulating lymphocytes (Talbot et al., 2020) (see Table 4), and regulate mononuclear phagocytic cells (MNPs) (Buckinx et al., 2017) and their secreted cytokines, tilting immunity towards the Th2 type. VIP-sensitized DCs induce Treg production and restore immune tolerance. Talbot et al. found that IL-22 produced by ILC3 can be inhibited by VIP neurons that express VIPR2 receptors, regulate AMP levels, and promote normal function of the intestinal barrier; VIP neuron activation also promotes ileal epithelium colonized bacteria grow, enhances lipid absorption, and forms a dynamic neuroimmune circuit (Talbot et al., 2020) (see Table 4). In mice with colitis, NPY neurons are upregulated, resulting in increased intestinal permeability and induction of claudin-2. Administration of TNF inhibitors reverses NPY expression, reduces inflammation and oxidative stress, and prevents increased epithelial permeability (see Table 4) (Chandrasekharan et al., 2013).
Mast cells cocultured with intestinal secretory motoneurons significantly increase neuronal activity, and the latter also induce degranulation of SP and other neuropeptides in mast cells (see Table 4) (Ballout and Diener, 2019). Destruction of the intestinal mucosal epithelium in IBD rats leads to the free passage of proinflammatory cytokines, histamine and other secretory mediators is the primary factor leading to chronic intestinal inflammation, in which the impairment of cytokine anion secretion is caused by the numbers of motor neurons decreased which activated via mast cells, thus affects intestinal epithelial barrier function (Ballout and Diener, 2019) (see Table 4).
Intestinal Endogenous Sensory Neuron
There are also sensory neurons on the wall of the gastrointestinal tract that do not require complex pathways, such as central or peripheral nerves, to dominate nerve reflexes and motor patterns. With the discovery of Dogiel II neurons as sensory neurons in the myenteric plexus in the small intestine of mice, IPAN have been found to regulate intestinal immune-motor function (Mao et al., 2006). In colitis driven by Th2 type T cells, smooth muscles are contracted excessively, while colitis Th1 causes muscles to insufficiently contract (Shea-Donohue et al., 2012; Bessac et al., 2018) (see Table 4). Except for a few mesenteric spinal cord neurons, intestinal sensory neurons do not project to the CNS and are less likely to participate in the sensation produced by the intestinal wall. Moreover, microbes can be used as intermediates to connect neuroimmunity. Bacteria in the intestinal cavity can excite IPAN, but when the intestinal epithelial barrier is destroyed, the microflora can also be presented to the intestinal submucosal immune cell population by specific cells, stimulating the development of gut-associated lymphatic tissue, maintaining the tolerance and dynamic balance of immune cells, suggesting that the intestinal mucosal barrier treatment of IBD against microorganisms is also very important (Jamar et al., 2020).
The broken of intestinal mucosal barrier or the relieve of related immune responses in gastrointestinal diseases may cause mucosal inflammation and increased afferent sensory signals, leading to abdominal pain (Wells et al., 2017). Chang et al. believe that administration of drugs can restore expression of TRPV1 in the duodenum and decrease the proinflammatory cytokines level, which may regulate mucosal barrier permeability in the treatment of FD (Chang et al., 2017).
Enteric Glial Cell-Immunity and Intestinal Mucosal Barrier Function
EGC networks are the supporting structures of the ENS, which are distributed at various levels in the intestine, transmitting neurotransmitters and processing information (Aube et al., 2006). Expression of the glial markers GFAP and Sox-10 is increased in colon tissue of PD patients. A large number of studies have shown that EGC produces nutritional factors (e.g., GDNF) that have strong anti-apoptotic activity, protect the IEC barrier and support intestinal barrier permeability (Yu and Li, 2014; Meir et al., 2015; Bauman et al., 2017). In IBD mice, excessive proliferation of EGCs leads to abnormal inflammatory activation of related immune cells, which also mediates intestinal damage (De Filippis et al., 2011). Among them, EGCs communicate with mast cells in two ways, and mast cell activation can promote the activation of intestinal glial cells and macrophages, resulting in intestinal mucosal injury and neuronal reduction (Nogueira et al., 2017). However, recent studies have found that GDNF derived from EGCs also significantly inhibits mast cell degranulation and attenuates the inflammatory state (Xie et al., 2020). When EGCs are exposed to immune cytokines such as IL-1β or low levels of IL-10, they can prevent proliferation (Bessac et al., 2018) and secrete IL-17, promoting T cell survival (see Table 4) (Kermarrec et al., 2018). Intestinal ILC3 subsets express neuromodulatory receptor tyrosine kinase (RET), which is activated by GFL, a ligand of the GDNF family derived from EGCs. Activated RET induces ILC3s to secrete IL-22 and causes expression of tight junction proteins in epithelial cells, which effectively promotes intestinal homeostasis (Ibiza et al., 2016) (see Table 4).
INTESTINAL MICROFLORA REGULATE NEURO-IMMUNITY AND INTESTINAL MUCOSAL BARRIER FUNCTION
The intestinal flora include thousands of species of eubacteria, archaea, eukaryotic microorganisms and noncellular structural viruses. As the field of gut microbiota continues to gain knowledge, we re-examine its role in nervous system diseases. Enterobacteria and their metabolites can directly maintain the integrity of the intestinal epithelial barrier by regulating the growth and differentiation of IECs and the expression of tight junction proteins (Pellegrini et al., 2018). Recent studies have shown that intestinal microorganisms regulate the composition and function of the mucous layer, which is a component of the innate immune intestinal mucosal barrier and participates in reducing the activation of the immune system under intestinal epithelial cells by antigen and bacterial exposure. Both symbionts and pathogens can degrade and use mucin as an energy source and attachment site to increase colonization, but pathogens can also cause infection through intestinal leakage (Paone and Cani, 2020). Furthermore, Microbial-related molecular patterns expressed in intestinal microorganisms can activate Toll-like receptors on innate immune cells and secrete anti-inflammatory mediators to maintain intestinal immune tolerance. And intestinal dysbacteriosis affects differentiation of CD4+ and CD8+ T cells and induces an adaptive immune response (Benakis et al., 2016; Muñoz et al., 2019). With the colonization of microorganisms in the gastrointestinal tract, the mucosal immune system gradually matures and induces 5-HT to promote the development and function of ENS (primarily in EGCs) (De Vadder et al., 2018). Studies have shown that intestinal microbes regulate exogenous sympathetic neurons in the intestine (Muller et al., 2020). Bacterial pathogens also directly activate DRG sensory nerves in the colon, leading to intestinal infection and aggravating the pain of large intestine expansion (Ramirez et al., 2020). Microorganisms and their metabolites can activate the vagus system by activating enterochromaffin cells to release a variety of neuropeptides and neurotransmitters, regulating the gut-brain axis (De Vadder et al., 2018; Pellegrini et al., 2018).
However, gradully attention has been given to the regulation of intestinal microflora, neuroimmune regulation and the dynamic balance between intestinal mucosal epithelium. In IBD, imbalances in the intestinal microbiota lead to barrier leakage that activates the immune response. The sampling mode of special epithelial M cells in the distal ileum is destroyed, and intestinal microorganisms can enter and exit freely to enhance the immune response (Lai et al., 2019). The increased permeability of the intestinal mucosal barrier regulated by the sympathetic nerve leads to intestinal bacterial translocation, which is an important mechanism of pathogenesis of secondary pulmonary infection after stroke. After MCAO for 24 h, the abundance of microorganisms in mice was significantly decreased in the colon and ileum, and enterobacteria, such as Lactobacillus, actinomycetes, Lactococcus and Clostridium, were enriched in the lung (Stanley et al., 2016).
CONCLUSIONS AND PERSPECTIVES
The gut barrier is a special district that responds and interacts with different intestinal stimuli and microbiomes. Intestinal inflammatory diseases, typical clinical features of remission and progressive gastrointestinal dysfunction, cause nonspecific inflammation and intestinal barrier tissue damage (Miner-Williams and Moughan, 2016). Pathogenesis involves complex interaction disorders among multiple factors, and innate and adaptive immune responses have become key factors. Gut-brain dual signaling plays an important role in the maintenance of intestinal barrier function. Recently, the use of targeted cell specificity and new sequencing, imaging and analysis tools in the study of mucosal barrier function in gastrointestinal diseases has revealed unknown neuroimmune regulatory mechanisms.
At present, we focus on the intermediate links of common clinical diseases such as stroke, neurodegenerative diseases (Parkinson, dementia), diabetes or constipation—intestinal function destruction, intestinal flora shift, and the excessive activation of intestinal immune response play a crutical role in it. Especially, the intestinal bacterial translocation has been proved to be an important disease mechanism in the secondary pulmonary infection after CNS injury. The permeability of the intestinal mucosal barrier is increased, the balance of microorganisms in the intestinal lumen is broken and the migration occurred. In this paper, we summarized the research progress of intestinal afferent nerves, efferent nerves, and ENS in regulating intestinal mucosal barrier function through immune communication. The function and quantity of innate immune cells and T lymphocytes are regulated by SNS release of NE, which can regulate the function and quantity of innate immune cells and T lymphocytes, regulating the function of intestinal mucosal epithelial cells to produce AMP and intestinal mucosal barrier permeability. VN primarily manipulates the phenotype of macrophages through CAIP downregulation of the production of the proinflammatory factor TNF-α, rescuing the “depletion rate” of goblet cells, and maintaining the normal permeability of the intestinal mucosal barrier. Exogenous afferent nerves, including the VN and spinal cord afferent nerve, colocalize with other efferent nerve terminals in the intestine to release a series of neurotransmitters, neuropeptides and cytokines through nociceptive stimuli, which can interfere with intestinal macrophages, DCs and neutrophils to maintain homeostasis but can also activate mast cell degranulation and then damage the integrity of the mucosal barrier. However, the beneficial effects of nociceptors on the intestinal mucosal barrier are lacking. In addition, gut-brain axis signals may be affected by delayed mucosal immune activation, resulting in an increase in afferent sensory signals and abdominal symptoms. Patients with gastrointestinal diseases often show increased susceptibility of the viscera to multiple stimuli. On the one hand, visceral afferent signals are abnormally amplified at the level of the spinal cord and brain; on the other hand, the sensitivity of receptors in the intestinal wall to multiple stimuli is abnormally increased, and the threshold is decreased. Secretory motor neurons and enteric glial cells in the intestinal intrinsic nervous system primarily communicate with innate lymphocytes to inhibit the production of the proinflammatory factor IL-22 and restrain the degranulation of mast cells, which in turn acts on tight junction protein expression between intestinal epithelial cells and restores intestinal epithelial barrier function. In conclusion, we regard the neuroimmune interaction of the intestine and the complementation of the nervous system as affecting the function of the gastrointestinal mucosal barrier.
Gastrointestinal dysfunction and intestinal mucosal barrier damage are early symptoms, representing physiological and pathological links of lung infection secondary to CNS injury and neurodegenerative diseases. The mechanism of the signaling pathway from the gut microbiota to the brain were discussed in detail in this paper. Although the many studies on the intestinal nerve and intestinal adaptive immune response upon microorganisms and their metabolites changing, the permeability of the gut mucosal barrier regulated by neuroimmune mechanism are still few. It will be possible to supplement the key role and causal relationship of neuroimmune in the microbial-gut-brain axis to provide a new direction for disease prevention and treatment.
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Osteoarthritis (OA) is a worldwide degenerative joint disease that seriously impaired the quality of life of patients. OA has been established as a disease with metabolic disorder. Cholesterol 25-hydroxylase (CH25H) was proved to play a key role in cartilage cholesterol metabolism. However, the biological function and mechanism of CH25H in OA remains further investigation. Growing researches have proved the vital roles of miRNAs in OA progression. In this study, we screened out miR-10a-3p through high-throughput miRNA sequencing which may bind to CH25H. Molecular mechanism investigation indicated that miR-10a-3p is an upstream target of CH25H. Functional exploration revealed miR-10a-3p suppressed the inflammatory responses, cholesterol metabolism and extracellular matrix (ECM) degradation in primary chondrocytes. Moreover, rescue assays implied that miR-10a-3p reversed CH25H plasmids induced inflammatory cytokine production and ECM degradation. Furthermore, the OA rat model was established to explore the function of miR-10a-3p in vivo. The results showed that miR-10a-3p can recover the OA features through targeting CH25H/CYP7B1/RORα axis. In conclusion, these findings implied a crucial role of miR-10a-3p/CH25H/CYP7B1/RORα axis in OA, which may provide a promising therapeutic strategy for OA.
Keywords: osteoarthritis, cartilage degeneration, miR-10a-3p, cholesterol metabloism, CH25H, CYP7B1, ROR alpha
INTRODUCTION
Osteoarthritis (OA) is one of the most disabling joint diseases, characterized by degeneration articular cartilage, synovial inflammation and fibrosis, osteophyte formation and subchondral bone alterations (Hunter and Bierma-Zeinstra, 2019). There are potential causes of osteoarthritis, including inflammation, mechanical damage, oxidative stress, aging, obesity and diabetes. Currently, osteoarthritis is considered to be associated with metabolic disorders (Kulkarni et al., 2021). This perspective arises from the wide association of OA with metabolic syndrome, with higher incidence of this condition in OA patients than in the population without the disease, and a more severe progression of OA in patients with metabolic syndrome (Villalvilla et al., 2020). Therefore, it is necessary to explore the metabolic regulatory mechanism underlying OA pathogenesis which is essential for identifying more therapeutic targets for OA treatment.
Recent studies have proved the role of cholesterol metabolism in the pathogenesis of osteoarthritis, which is involved in the regulation of matrix metalloenzyme in chondrocytes (Choi et al., 2019). Retinoic acid-related orphan receptor α (RORα) was found to mediate the induction of osteoarthritis by alterations in cholesterol metabolism, which acts as downstream receptor of cholesterol hydroxylases, including cholesterol 25-hydroxylase (CH25H) and 25-hydroxycholesterol 7α-hydroxylase (CYP7B1) (He et al., 2021). Osteoarthritic chondrocytes have increased levels of cholesterol because of enhanced uptake, upregulation of CH25H and CYP7B1 and increased production of oxysterol metabolites. However, the upstream regulation mechanism of CH25H remains unknown.
MicroRNAs (miRNAs) are recognized to regulate various diseases progression, including OA, by combining with mRNAs (Duan et al., 2020; Reynard and Barter, 2020; Tavallaee et al., 2020). For instance, miR-520d-5p regulates chondrocyte metabolism by targeting HDAC1 (Lu et al., 2020). MiR-455-3p reduces apoptosis and alleviates degeneration of chondrocyte by targeting PTEN (Wen et al., 2020). Therefore, the miRNA-mRNA interaction plays a pivotal role the progression of OA (Jiang et al., 2020). Thus, miRNAs have the potential to regulate chondrocyte cholesterol metabolism by targeting CH25H.
This study focused on the function and targeted pathways of miRNAs in modulating chondrocyte extracellular matrix (ECM) homeostasis by regulating cholesterol metabolism. Our results may provide a new therapeutic strategy for OA via targeting miR-10a-3p.
METHODS
Animals
Twenty-four eight-week-old SD male rats were obtained from the Vital River Animal Technology (Beijing, China). Animals were maintained in a specific pathogen-free laminar-flow housing apparatus under controlled temperature, humidity, and 12 h light/dark regimen. The protocol about animal care and usage was approved by the Animal Care and Use Committee of Nanjing University of Chinese Medicine (Approval number: ACU200904) and followed the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health.
Isolation and Culture of Chondrocytes
The cartilage tissue of rat knee joint was mechanically cut into 1 mm2 pieces and digested with DMEM containing 1 mg/ml type II collagenase at 37°C for 6 h. Following cell dissociation, the samples were filtered through a cell strainer. Then, chondrocytes were collected by centrifugation at 1,000 rpm for 8 min and cultured in DMEM supplemented with 10% FBS and antibiotics (100 U/ml penicillin, 100 ug/ml streptomycin). Cells were cultured at 37°C in a humidified 95% air and 5% CO2 atmosphere. All the functional experiments were conducted using primary cultured chondrocytes from passages 3–6 (Qi et al., 2021).
Chondrocytes were stimulated with lipopolysaccharide (LPS) (1 μg/ml) for 6 h to stimulate the inflammatory response. The chondrocytes were exposed to complete culture medium with same volume of saline served as control.
Cell Transfection
MiR-10a-3p mimic, miR-10a-3p inhibitor, miR-10a-3p nagetive control or CH25H-pEX-1 were obtained from Ribobio Company (Ribobio Biotechnology Co., Ltd., Guangzhou, China) and transfected into the chondrocytes using Lipofectamine 2000 (Invitrogen, Unites States) following the protocols provided by the manufacturer. Then, chondrocytes were incubated for 6 h, the culture medium was replaced with complete culture medium, and the cells were incubated for 24 h for further experiments.
MiRNA Library Construction and Sequencing
MiRNA library preparation and sequencing were conducted by Oebiotech Company (OE Biotech, Inc., Shanghai, China). Briefly, total RNAs were extracted from chondrocytes purified from 2 ml of plasma. Both 3′ and 5′ adaptors were added to each end, respectively, followed by reverse transcription and polymerase chain reaction (PCR) amplification. The PCR products derived from the 18- to 30- nucleotide RNA molecules were purified by electrophoresis and sequenced using the Illumina HiSeq 4000 platform. TargetScan were used to predict target genes of miRNAs. The sequencing data supporting these studies can be found at Sequence Read Archive (PRJNA728870, https://dataview.ncbi.nlm.nih.gov/object/PRJNA728870?reviewer=vuvpn1nuci7rc41i5ufg8d1jj3).
Dual Luciferase Report
The CH25H 3′-UTR, which contains putative binding sites for miR-10a-3p, was cloned into vectors (Genechem Co., Ltd., Shanghai, China), which contains firefly luciferase as the primary reporter gene and Renilla luciferase as the control reporter gene. The miR-10a-3p binding site in the CH25H 3′-UTR and its mutated version (sequences was shown in Supplementary Material) were cloned into luciferase reporter plasmids. MiR-10a-3p mimics (Genechem Co., Ltd., Shanghai, China) were co-transfected with these reporter plasmids into 293T cells. The cells were harvested 24 h post-transfection, and the luciferase activities were analyzed with the dual-luciferase reporter assay system (Promega, United States), according to the manufacturer’s instructions. The relative values of Firefly luciferase activity were determined by normalizing with Renilla luciferase activity for transfection efficiency.
Model of ACLT-Induced KOA Procedure
The KOA model of rats was conducted according to the previous literature description. Twenty-four rats were randomly divided into four groups (sham group, KOA group, KOA + miR-10a-3p-NC group, KOA + miR-10a-3p agomir group). The bilateral knees of rats were exposed using an 8–10 mm medial parapatellar approach with the patella laterally dislocated before the anterior cruciate ligament (ACL) was transected in a manner that did not injure the articular cartilage (He et al., 2020; Huang et al., 2021). The skin was then stitched layer by layer. The rats were not restricted in activities and diet after operation. The sham group served as control. Agomir of miR-10a-3p was obtained from Ribobio Biotechnology (Ribobio Biotechnology Co., Ltd., Guangzhou, China) to overexpress miR-10a-3p in rat. Fourteen days after surgery, KOA + miR-10a-3p-NC group and KOA + miR-10a-3p agomir group were injected of agomir or negative control of miR-10a-3p into knee joint. 28 days after injection, rats were sacrificed, and knee joint tissue were collected.
Histopathological Analysis
For Safranine O and Fast Green staining, cartilage tissues were fixed in 4% paraformaldehyde, soaked in EDTA, embedded in paraffin, and cut into slices. According to previous reports (He et al., 2020), Osteoarthritis Research Society International (OARSI) scoring system was used to evaluate the degeneration of cartilage.
Western Blot
Cartilage tissues were weighed and then lysed by RIPA lysate on the ice for 15 min. Then, samples were centrifuged with 12,000 g/min for 15 min at 4°C. The supernatant was removed. Cultured chondrocytes were washed and lysed by RIPA. BCA protein assay kit (Beyotime Biotechnology Co., Ltd., Shanghai, China) was used to quantify the protein levels. The protein samples were electrophoresed in SDS-PAGE to separate protein bands. Proteins were transferred from gel onto PVDF membrane, blocked with 5% non-fat dry milk for 2 h. The PVDF membrane was incubated with monoclonal rabbit antibodies specific for MMP-3 (ab52915, Abcam), MMP-13 (MAB13426, Sigma-Aldrich), SOX9 (ab185966, Abcam), Collagen II (ab188570, Abcam), CH25H (sc-293256, SantaCruz), CYP7B1 (ABN182, Sigma-Aldrich) and RORα (ab256799, Abcam) overnight at 4°C. On the next day, membranes were washed and then incubated with second antibody for 2 h. The bands were visualized by ECL method (Beyotime Biotechnology Co., Ltd., Shanghai, China) and the overall gray value of protein bands (average gray value x gray value area) was quantified with Photoshop CS5 software to calculate the target protein relative value (target protein gray value/internal reference overall gray value).
Quantitative Reverse Transcription-Polymerase Chain Reaction
Total RNA was extracted from cartilage tissues or chondrocytes by using Trizol (Invitrogen, United States). The reverse transcription was performed by using PrimeScript RT Master Mix according to the manufacturer’s instructions. QRT-PCR was performed using SYBR Premix Ex Taq II according to the manufacturer’s instructions on an ABI PRISM 7,500 (Applied Biosystems, United States). The primer sequences are shown in Table1. All primers were obtained from Sangong Biotech (Shanghai, China).
TABLE 1 | Sequences of primers.
[image: Table 1]Levels of Total Cholesterol, Free Cholesterol and Cholesterol Ester
Total cholesterol, free cholesterol and cholesterol ester in cartilage and chondrocytes supernatant were tested according to the manufacturer’s instructions (Solarbio Science & Technology Co., Ltd., Beijing, China).
Enzyme-Linked Immunosorbent Assay
IL-1β and TNF-α in serum and chondrocyte supernatant were detected according to the manufacturer’s instructions (Jinyibai Biological Technology Co., Ltd., Nanjing, China).
Statistical Analysis
All the experiments were performed independently three times (n = 3). Data are presented as mean ± SD. Differences among multiple groups were determined using one-way analysis of variance followed by Tukey’s post-hoc test, with p-values < 0.05 considered significant.
RESULTS
CH25H/CYP7B1/RORα Is Upregulated in Osteoarthritis Cartilage
Safranine O staining was first conducted to observe the architecture and pathological features of OA joint. OA cartilage shows more superficial fibrillation and loss of collagen and proteoglycan compared with sham group (Figure 1A). Then, the level of CH25H and CYP7B1 in cartilage of OA rats were detected by western blot and qRT-PCR analysis. As shown in Figures 1B,C, both protein and mRNA level of CH25H and CYP7B1 were significantly higher in cartilage from OA group than that from sham group. These results indicated that CH25H/CYP7B1 may contribute to OA progression in OA rats which is consistent with previous researches3. However, the upstream regulatory gene that targeted CH25H in OA cartilage remains unknown and it needs to be further explored.
[image: Figure 1]FIGURE 1 | CH25H is involved in cholesterol metabolism disorders in KOA. (A) Saffron Red & Fast green staining of cartilage tissue, 100×, Scale bar = 100 μm. (B) Total cholesterol, free cholesterol and cholesterol ester were detected in cartilage. (C,D) CH25H, CYP7B1, and RORα expression in catilage were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (E) CH25H and CYP7B1 expression in cartilage were analyzed via qRT-PCR. Quantitative data were presented as mean ± SD. *p < 0.05, **p < 0.01.
MiRNAs Profiling Between Normal and Lipopolysaccharide-Stimulated Chondrocytes
To further probe the underlying molecular mechanism of cholesterol metabolism disorders in OA cartilage, we investigated chondrocytes miRNA profiles using high-throughput miRNA sequencing. A total of 27 specific mature miRNAs were obtained from the miRNA sequence results using the screening criteria of p < 0.05 for the t-test (Figure 2A). Lipid metabolism related miRNAs were highly enriched according to KEGG pathway analysis (Figure 2B). CH25H has been proved to regulate cartilage cholesterol metabolism in OA as previously reported. Importantly, we found that miR-10a-3p is the only miRNA predicted to bind to CH25H among all mature miRNAs with significant changes (p < 0.05) by using an online software Targetscan tool (http://www.targetscan.org/vert_72/) (Figure 2C and Supplementary Material). Next, we performed qRT-PCR to validate the high throughput sequencing results. The results showed that LPS stimulation could downregulate miR-10a-3p compared with control chondrocytes (Figure 2D).
[image: Figure 2]FIGURE 2 | MiRNAs profiling between normal and LPS-stimulated chondrocytes. (A) Differential expression levels of miRNAs between the Control and LPS-stimulated chondrocytes. (B) The putative binding site between miR-10a-3p and CH25H mRNA was predicted by TargetScan. (C) Different expression of miRNA target gene enrichment pathways from KEGG analysis. (D) Levels of miR-10a-3p expression in control and LPS-stimulated chondrocytes, as determined by qRT-PCR analysis (n = 3). The quantitative data are presented as the mean ± SD. *p < 0.05 vs. control.
MiR-10a-3p Can Bind with the 3′UTR of CH25H
The overexpression efficiency of miR-10a-3p mimic or knockdown efficiency of miR-10a-3p inhibitor were detected by qRT-PCR analysis in OA rat chondrocytes. The results showed that transfection of miR-10a-3p mimic increased miR-10a-3p expression significantly which was decreased by transfection of miR-10a-3p inhibitor (Figure 3A). As described above, miR-10-3p could bind to 3′UTR of CH25H according to predicted binding sites from Targetscan. To further validate the interaction between miR-10a-3p and CH25H, luciferase reporter assay was conducted. The luciferase activity was significantly decreased in HEK-293T cells by co-transfected with wild type CH25H 3′UTR and miR-10a-3p mimic. The miR-10a-3p mimic caused decreased luciferase activity was impaired by co-transfecting with mutant CH25H 3′UTR. There was no prominent change in luciferase activity of mutant CH25H 3′UTR transfection (Figure 3B). Then, western blot and qRT-PCR analysis indicated that miR-10a-3p mimic suppressed CH25H, CYP7B1 and RORα in both protein and mRNA level which was enhanced by miR-10a-3p inhibitor in LPS-stimulated chondrocytes (Figures 3C,D). Hence, miR-10a-3p was chosen for further exploration.
[image: Figure 3]FIGURE 3 | MiR-10a-3p can bind with the 3′UTR of CH25H. (A) Transfection efficiency of miR-10-3p inhibitor and mimic were detected by qRT-PCR (n = 3). The quantitative data are presented as the mean ± SD. (B) The relative luciferase activity was measured after HEK-293T cells were co-transfected with the wild type or mutant 3′UTR of CH25H luciferase reporter and the miR-10-3p negative control or mimic (n = 3). (C,D) CH25H, CYP7B1 and RORα expression in chondrocytes were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (E) CH25H and CYP7B1 expression in chondrocytes were analyzed via qRT-PCR. Quantitative data were presented as mean ± SD. *p < 0.05, **p < 0.01.
MiR-10a-3p Participates in Cholesterol Metabolism Disorders via CH25H/CYP7B1/RORα Axis in Chondrocytes
To confirm the role of miR-10a-3p in chondrocytes, miR-10a-3p/CH25H axis on cholesterol metabolism disorders was investigated by using mimic of miR-10a-3p. As previous researches reported, CH25H/CYP7B1/RORα axis regulates cholesterol metabolism in chondrocytes. Therefore, total cholesterol, free cholesterol and cholesterol ester in chondrocytes were detected. Compared with control group, LPS stimulation induced significantly enhanced levels of total cholesterol, free cholesterol and cholesterol ester, while miR-10a-3p mimic administration reversed the enhanced concentration (Figure 4A). CH25H converts cholesterol to 25-hydroxycholesterol (25-HC) and CYP7B1 metabolizes 25-HC to 7α, 25-HC in chondrocytes. As showed in Figure 4B, LPS stimulation resulted in increased production of 25-HC and 7α, 25-HC and miR-10a-3p mimic could significantly reduce the production of 25-HC and 7α, 25-HC. Then, western blot and qRT-PCR confirmed the increase of CH25H, CYP7B1, and RORα in both protein and mRNA level caused by LPS stimulation (Figures 4C,D). With the administration of miR-10a-3p mimic, activation of CH25H/CYP7B1/RORα could be repressed in LPS-stimulated chondrocytes.
[image: Figure 4]FIGURE 4 | MiR-10a-3p participates in cholesterol metabolism disorders via CH25H/CYP7B1/RORα axis in chondrocytes. (A) Total cholesterol, free cholesterol and cholesterol ester were detected in chondrocytes. (B) 25-HC and 7α, 25-HC were detected in different group of chondrocytes. (C) CH25H, CYP7B1, and RORα expression in chondrocytes were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (E) CH25H, CYP7B1, and RORα expression in chondrocytes were analyzed via qRT-PCR. Quantitative data were presented as mean ± SD. *p < 0.05, **P < 0.01.
MiR-10a-3p Regulates Inflammation and Extracellular Matrix Homeostasis in LPS-Stimulated Chondrocytes via Targeting CH25H/CYP7B1/RORα Axis
To further investigate the role of miR-10a-3p in the progression of OA, we first transfected miR-10a-3p mimic into LPS-stimulated chondrocytes. The inflammatory responses are established to promote chondrocyte ECM degradation (Min et al., 2021), therefore, we first detected levels of representative inflammatory factors, IL-1β and TNF-α, in supernatant of chondrocytes by ELISA. The results showed that miR-10a-3p mimic suppressed the enlarged concentration of IL-1β and TNF-α induced by LPS stimulation (Figure 5A). As shown in Figures 5B,C, miR-10a-3p reduced the production of extracellular matrix (ECM) degradation related protein, MMP3 and MMP13. Also, miR-10a-3p enhanced the production of ECM synthesis related protein, SOX9 and Collagen II. In addition, ECM degradation and synthesis related gene, including MMP3, MMP13, Adamts4, Adamts5, SOX9, Col2α1, and Aggrecan were detected by qRT-PCR. As shown in Figure 5D, miR-10a-3p suppressed MMP3, MMP13, Adamts4, and Adamts5 expression and increased SOX9, Col2α1, and Aggrecan expression. Then, we co-transfected CH25H plasmids and miR-10a-3p mimic into primary chondrocytes. Our data also showed that overexpression of CH25H could enhanced the expression of MMP3 and MMP13 and reduced expression of SOX9 and Collagen II in both mRNA and protein level in chondrocytes. MiR-10a-3p mimic partially reversed these effects of CH25H overexpression (Figures 5E–G). Taken together, miR-10a-3p partially recovered ECM degradation of chondrocyte induced by CH25H overexpression.
[image: Figure 5]FIGURE 5 | MiR-10a-3p regulates inflammation and extracellular matrix homeostasis in chondrocytes. (A) Concentrations of IL-1β and TNF-α in chondrocytes supernatant were detected by ELISA. (B,C) MMP3, MMP13, SOX9, and Collagen II expression in chondrocytes were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (D) MMP3, MMP13, SOX9, COL2α1, ADAMTS4, ADAMTS5, and Aggrecan expression in chondrocytes were analyzed via qRT-PCR. (E, F) MMP3, MMP13, SOX9, and Collagen II expression in chondrocytes were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (G) MMP3, MMP13, SOX9, COL2α1, ADAMTS4, ADAMTS5, and Aggrecan expression in chondrocytes were analyzed via qRT-PCR. Quantitative data were presented as mean ± SD. *p < 0.05, **p < 0.01.
MiR-10a-3p Improves Cartilage Degeneration in KOA Model Rats
Model of knee OA rats was established to probe the role of miR-10a-3p in OA. Our data showed that the expression of miR-10a-3p was downregulated in KOA group and was upregulated by injection of miR-10a-3p agomir (Figure 6A). The safranine O and fast green staining of cartilage tissue indicated that miR-10a-3p agomir alleviated cartilage degeneration in OA rats which was also proved by OARSI’s scores (Figures 6B,C). Compared with KOA group, the OARSI’s scores were decreased in KOA + Agomir group. The mRNA expression of IL-1β and TNF-α were enhanced in KOA group compared with sham group. In addition, injection of miR-10a-3p agomir reversed the increase of IL-1β and TNF-α mRNA expression in KOA group (Figure 6D). As showed in Figures 6E–G, overexpression of miR-10-3p could neutralize the increase of MMP3 and MMP13 as well as the decrease of SOX9 and Collagen II in both protein and mRNA expression in KOA model rats. These findings suggest that miR-10-3p can suppress OA progression via targeting CH25H in vivo.
[image: Figure 6]FIGURE 6 | MiR-10a-3p improves cartilage degeneration in KOA model rats. (A) Detection of transfection efficiency of miR-10-3p agomir by qRT-PCR. (B) Saffron Red & Fast green staining of cartilage tissue, 100×, Scale bar = 100 μm. (C) OARSI scores of cartilage tissue in different groups (n = 5). (D) Concentration of IL-1β and TNF-α in serum were detected by ELISA. (E,F) MMP3, MMP13, SOX9, and Collagen II expression in cartilage tissue were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (G) MMP3, MMP13, SOX9, COL2α1, ADAMTS4, ADAMTS5, and Aggrecan expression in cartilage tissue were analyzed via qRT-PCR. Quantitative data were presented as mean ± SD. (H,I) CH25H, CYP7B1, and RORα expression in cartilage tissue were analyzed via western blotting. The band intensity was quantified by normalizing to β-actin (n = 3). (J) CH25H, CYP7B1, and RORα expression in cartilage tissue were analyzed via qRT-PCR. Quantitative data were presented as mean ± SD. *p < 0.05, **p < 0.01.
DISCUSSION
OA has become a global challenges for the elderly. The main pathological features are cartilage matrix degradation and synovium inflammation (Chen et al., 2021). While much has been learned recently regarding the pathogenesis of OA, the treatment outcome is also unsatisfactory due to the unclear pathogenesis. Recently, more and more researches suggest OA can be attributed to the metabolic imbalances (Kulkarni et al., 2021). Abnormal lipid profile exhibited in obesity, contributes to OA pathology (Klop et al., 2013; Abente et al., 2016). Generalized OA related serum hypercholesterolemia has indicated cholesterol as a systemic risk factor for it.
CH25H is a primary effector in controlling cholesterol metabolism and its dysregulation affects various diseases. For instance, CH25H, hydroxylates cholesterol to 25-HC, exerts promotive effects on the adipose tissue inflammation in obesity and diabetes (Russo et al., 2020). Furthermore, CH25H/CYP7B1/RORα axis exhibits regulatory effects on enhancing catabolic metabolism of chondrocytes (Choi et al., 2019) which is consistent with this study. However, specific upstream regulator of CH25H in chondrocytes remains unknown.
Recently, miRNAs, one of ncRNAs that contains 20–23 nucleotides, have been proved to play a pivotal role in the pathology of OA, especially in the cartilage matrix remodeling. For example, miRNA-140−/− mice show severe cartilage damage and miR-140 transgenic mice manifest ameliorative antigen-induced arthritis by regulating cartilage homeostasis (Duan et al., 2020). MiR-10a-5p, miR-126, miR-181a-5, and miR-320a can induce chondrocyte apoptosis in a model of IL-1β-induced OA (Jiang et al., 2020). MiR-10a-5p has been reported that upregulated and induced apoptosis through repression of HOXA1 in chondrocytes (Ma et al., 2019). Therefore, we performed high-throughput miRNA sequence to seek for upstream regulator of CH25H, which is miR-10a-3p.
Previous research has suggested that miR-10a plays an important role in osteoarthritis. A recent study revealed that miR-10a acts as a downstream of TWIST and upstream of MAP3K7 in OA and this axis can ameliorate synovitis in OA fibroblast-like synoviocytes (Tu et al., 2020). On the basis of previous studies, we further explored the mechanism of miR-10a-3p on the progress of OA. We revealed that miR-10a-3p was downregulated in osteoarthritic cartilage and chondrocytes. Moreover, miR-10a-3p alleviates OA development by regulating chondrocyte cholesterol metabolism and inhibiting ECM degradation.
Regulation of miRNAs is a common phenomenon that occurs in various diseases, and aberrantly expressed miRNAs often participate in the pathogenesis of specific diseases, including OA. MiRNAs commonly exert their functions through targeting 3′UTR of their target genes. In current research, we found that miR-10a-3p exhibited binding sites on the 3′ UTR of CH25H and further confirmed the binding capability of miR-10a-3p and CH25H. Moreover, miR-10a-3p mimic administration can reverse CH25H-medicated effects on cholesterol metabolism and hydroxylation, proinflammatory cytokine production and ECM degradation both in vitro and in vivo were revealed by rescue assay.
In this study, we demonstrated that miR-10a-3p can regulate chondrocyte cholesterol metabolism, including hydroxylation of cholesterol, by targeting CH25H mRNA and its downstream signaling CYP7B1 and RORα (Figure 7).
[image: Figure 7]FIGURE 7 | MicroRNA-10a-3p improves ECM degeneration by regulating CH25H-CYP7B1-RORα mediated cholesterol metabolism in osteoarthritic chondrocytes.
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Pulmonary arterial hypertension (PAH) is an immune-mediated disease with poor prognosis and associated with various inflammatory immune diseases. In fact, its pathogenesis is far from clear. Although long non-coding RNAs (lncRNAs) have been implicated in PAH, the molecular mechanisms remain largely unknown. For the first time, in lungs of monocrotaline-induced PAH rat models, we simultaneously detected the expression profiles of lncRNAs and mRNAs by high-throughput sequencing, and explored their roles with bioinformatics analysis and cell assay to discover more potential pathogenesis about PAH. Our data identified that a total of 559 lncRNAs and 691 mRNAs were differentially expressed in lungs during the pathogenesis of PAH. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses demonstrated that these dysregulated lncRNAs and mRNAs participated in important biological processes and pathways of PAH, among which inflammatory and immune responses represented the chief enriched pathway. The lncRNA-mRNA co-expression network was developed to uncover the hidden interactions between lncRNAs and mRNAs. Further, the expression levels of lncRNAs (NONRATT018084.2, NONRATT009275.2, NONRATT007865.2, and NONRATT026300.2) and mRNAs (LGALS3, PDGFC, SERPINA1, and NFIL3) were confirmed using quantitative real-time PCR. In the end, lncRNA NONRATT009275.2 could facilitate macrophage polarization to M2 type and be involved in inflammatory immune response. In conclusion, this study provided candidate drug targets and potential roles on lncRNAs in the pathogenesis of PAH, and several key regulatory genes were identified, which laid the initial foundation for further mechanism study in PAH.
Keywords: pulmonary arterial hypertension, lung, long non-coding RNA, messenger RNA, inflammatory immune disease
INTRODUCTION
Pulmonary arterial hypertension (PAH) is an immune-mediated progressive disease characterized by increases in pulmonary vascular resistance and pulmonary artery pressure that ultimately lead to right ventricular failure and death (Humbert et al., 2004). It is a common complication of many inflammatory immune diseases, such as systemic lupus erythematosus and rheumatoid arthritis (Qu et al., 2021; Vonk et al., 2021). In past 2 decades, the long-term survival of PAH patients has improved to a certain extent (Thenappan et al., 2010). Current drug treatments are mainly based on three critical signaling pathways containing endothelin, prostacyclin, and nitric oxide. However, they have not resulted in an effective strategy which could reverse pulmonary vascular remodeling (PVR) and prevent deterioration and the need for a lung transplant (Galiè et al., 2016). As a severe and debilitating cardiopulmonary disease, PAH still poses a huge clinical and economic burden, and the hospital mortality does not decrease (Anand et al., 2016). Therefore, it is urgent to identify new potential therapeutic targets for PAH.
An expanding body of knowledge has related the structural abnormalities of pulmonary vascular wall to PAH pathogenesis, including pathological growth of intimal, medial, and adventitial layers (Humbert et al., 2014). At present, many autoimmune diseases are known to cause PAH. Recent studies have focused on inflammatory cells and their mediators as pivotal contributors to PVR and dysfunction in PAH. Perivascular inflammatory infiltrates occur in patients with all forms of PAH as well as in animal models, comprising T- and B-lymphocytes, macrophages, dendritic cells, and mast cells (Berghausen et al., 2019). Moreover, serum levels of multiple inflammatory cytokines and chemokines are also elevated (Anwar et al., 2016). The above evidences suggest that PAH is an inflammatory immune disease, but the related molecular mechanisms are far from clear. Besides PVR and immune microenvironment, additional research directions also need to be further explored. Hence, we chose lung tissues for sequencing to have a holistic view of gene expression about PAH, and find more possible pathogenesis.
Long non-coding RNAs (lncRNAs) are a group of non-coding RNAs (ncRNAs) that have transcripts of greater than 200 nucleotides in length (Mercer et al., 2009). It has been reported that lncRNAs are involved in almost all biological procedures, and these effects occur through epigenetic regulation, translational regulation, transcriptional regulation, and post-transcriptional regulation (Guttman and Rinn, 2012; Kopp and Mendell, 2018). Some studies reveal that lncRNAs participate in cardiovascular diseases, as a result, which have been proposed to be new targets for pharmaceutical intervention (Poller et al., 2018; Turkieh et al., 2019; Zahid et al., 2020; Wu et al., 2021). Just in recent years, the mechanisms of lncRNAs in PAH are beginning to be vigorously investigated. Several lncRNAs could be linked to pulmonary artery smooth muscle cells (PASMCs) disorders and endothelial dysfunction by regulating proliferation and migration (Neumann et al., 2018; Su et al., 2018; Zhu et al., 2018; Gong et al., 2019). However, the present understandings on differential expression, pathophysiological function of lncRNAs, and potential interaction between lncRNAs and mRNAs in PAH, remain largely unknown.
In this study, we firstly performed high-throughput sequencing to simultaneously detect lncRNAs and mRNAs expression patterns of PAH in lungs from monocrotaline (MCT)-induced PAH rat models. Further, gene-ontology (GO) and pathway enrichment analyses were done to explore the roles of aberrantly expressed genes in the pathogenesis of PAH. We also constructed a co-expression network for the dysregulated lncRNAs and mRNAs, to expound the interactions between them. Finally, several critical lncRNAs and mRNAs, predicted by bioinformatics analysis, were verified by quantitative real-time PCR (qRT-PCR). And we used cell assay to preliminarily verify that lncRNA NONRATT009275.2 could facilitate macrophage polarization to M2 type and be involved in inflammatory immune response.
METHODS AND MATERIALS
Animal Model
Four weeks old male Wistar rats (180–200 g) were purchased from the Shanghai Laboratory Animal Center (Chinese Academy of Sciences, Shanghai, China). All animal experiments were performed in accordance to the National Institutes of Health guide for the care and use of Laboratory animals, with the approval of the Institutional Animal Care and Use Committee of Fudan University (Shanghai, China). Rats were randomly divided into Control and monocrotaline-induced PAH (MCT-PAH) groups (n = 3). The PAH model was induced through subcutaneous injection in a single dose of MCT (60 mg/kg, Sigma-Aldrich, Merck Millipore, Germany). The control rats were injected with the same volume of normal saline. After 8 weeks post-MCT injection, rats were anesthetized and subjected to hemodynamic measurement to confirm PAH modeling success. The right ventricular systolic pressure and pulmonary artery pressure were recorded with a PowerLab data acquisition system using an ML110 pressure transducer (ADInstruments, New South Wales, Australia). After hemodynamic measurements, lung tissues were collected for further examination.
RNA Isolation
Total RNAs were isolated from lung tissues with a mirVana miRNA Isolation Kit (Ambion, MA, United States), according to the manufacturer’s instructions. RNA integrity was evaluated by the Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, United States). RNA quantity and quality were assessed using the NanoDrop 2000 (Thermo, Waltham, MA, United States).
Library Construction and Sequencing
The library was constructed using the TruSeq Stranded Total RNA Library Prep Kit with Ribo-Zero Gold High Throughput (Illumina, San Diego, CA, United States) following the manufacturer’s protocols. Then, this library was sequenced on the Illumina sequencing platform (HiSeqTM 2500). All high-throughput sequencing programs were performed by OE Biotech (Shanghai, China). Aberrantly expressed lncRNAs and mRNAs between Control group and MCT-PAH group were identified with fold change (FC), p value and the false discovery rate (FDR) filtering.
Gene Function Analysis
Gene ontology (GO) enrichment analysis of aberrantly expressed mRNAs was implemented to investigate functions according to the three following aspects: biological process, cellular component and molecular function. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis was performed to classify the biological pathway clusters covering the dysregulated mRNAs. A p-value <0.05 was considered statistical significance.
Construction of the Long Non-Coding RNA-mRNA Co-Expression Network
In order to establish the co-expression network between aberrantly expressed lncRNAs and mRNAs, a Pearson correlation coefficient (PCC) statistic method was used to evaluate every aberrantly expressed lncRNA-mRNA combination. A PCC value >0.99 was considered statistically significant, and was retained for network construction using Cytoscape (version 3.4.0).
Verification of Dysregulated RNA Expression by qRT-PCR
Total RNAs from lung tissues were isolated with a mirVana miRNA Isolation Kit (Ambion, MA, United States) in another three MCT-PAH rats and control rats. The cDNA used for lncRNA and mRNA analysis was synthesized by using a PrimeScript RT reagent Kit (Takara-Bio, Shanghai, China). The qRT-PCR analysis was carried out using All-inOne qPCR Mix (GeneCopoeia, Rockville, MD, United States) and performed with ABI 7500 Fast Real-Time PCR System (Applied Biosystems) following the manufacturer’s instructions. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was employed as an internal control. The primers were listed in Supplementary Table S1.
Bone Marrow-Derived Macrophages Isolation and Culture
BMDMs were isolated as previously described (Liu et al., 2015). Femurs were obtained from 4-week-old male Wistar rats. BMDMs were co-cultured with 10% FBS, 30% L929, and 60% DMEM in suspension. Then IL-4 (20 ng/ml; PEPROTECH, United States) was used to treat the cells. qRT-PCR was performed with production of 4 h treatment and flow cytometry was performed using production of 16 h treatment.
Cell Transfection and mRNA Detection
LncRNA NONRATT009275.2 was constructed into pIRES2-EGFP plasmid (GENE, Shanghai, China). The vector was used as control. These plasmids were transfected into BMDMs using lipofectamine 3000 (Life Technologies) according to the manufacturer’s instructions. To be specific, BMDMs were seeded into six-well plates. When cell confluency reached approximately 70%, cells were then incubated in DMEM containing 0.5% FBS. After serum starvation for 6 h, cells were washed with PBS for two times and added 1 ml of Opti-MEM medium. Meanwhile, 8 μl of Lipofectamine 3000 were diluted in tube 1 containing 125 μl Opti-MEM medium. And 3 μg of plasmid and 6 μl of P3000 enhancer were diluted in tube 2 containing 125 μl Opti-MEM medium. Then, tube 2 solution was added to tube 1 and mixed well. After incubation at room temperature for 15 min, the mixture was added to cells. After incubation for 6 h, cells were added with fresh complete medium for further incubation for 18 h. Afterward, the transfected cells were treated IL-4 (20 ng/ml; PEPROTECH, United States). qRT-PCR was performed with production of 4 h treatment. The primers were listed in Supplementary Table S1.
Cell Staining and Flow Cytometry
BMDMs were stained with fluorescence conjugated antibodies against F4/80 (BioLegend, United States), CD206 (BioLegend, United States). Data were acquired with a FACScan flow cytometer (BD Biosciences, United States). Gates were set on the population of mono-nuclear macrophages. And FlowJo Software (TreeStar, United States) was used for analysis.
Statistical Analysis
Data were represented as the mean ± standard deviation (mean ± SD). Statistical significance was evaluated with an unpaired two-tailed Student’s t-test for 2 independent groups. Statistical analyses were performed with GraphPad prism 6.0 (GraphPad, San Diego, CA, United States). A p-value <0.05 was considered statistical significance.
RESULTS
Aberrant Expression Profiles of Long Non-Coding RNAs and mRNAs
High-throughput sequencing was employed to assess the expression profiles of lncRNAs and mRNAs in MCT-PAH rats and control rats, as a result, which detected 31,275 lncRNAs and 28,635 mRNAs. A total of 559 differentially expressed lncRNAs (FC > 2.0, p < 0.05), including 295 up-regulated and 264 down-regulated lncRNAs, were identified between MCT-PAH rats and control rats. Moreover, 473 up-regulated mRNAs and 218 down-regulated mRNAs were determined between two groups (FC > 2.0, p < 0.05). Visualization using hierarchical clustering of the differential expression of lncRNAs (Figure 1A) and mRNAs (Figure 1B) displayed significant variations in heat maps. The top 10 up- and down-regulated lncRNAs and mRNAs were displayed in Tables 1, 2, respectively. NONRATT033431.1 (FC = 141.460) and NONRATT002354.2 (FC = 0.001) were the most significantly up- and down-regulated lncRNAs. RT1-S2 (FC = 116.382) and Ttc23 (FC = 0.007) were the most significantly up- and down-regulated mRNAs in MCT-PAH rats compared with controls. MA plots and volcano plots were constructed to display the distribution for aberrantly expressed lncRNAs (Figures 1C,E) and mRNAs (Figures 1D,F) among the samples, respectively. The characteristics of dysregulated lncRNAs were shown in Supplementary Figure S1.
[image: Figure 1]FIGURE 1 | Profiling of lncRNAs and mRNAs between PAH group and control group. (A,B) Heat maps showed the hierarchical clustering of differential expression in lncRNAs and mRNAs between PAH group (PAH) and control group (Ctrl). (C,D) MA plots showed the differential expression of lncRNAs and mRNAs between two groups. Differential expression was indicated as “red”. (E,F) Volcano plots were depicted to visualize the up-regulated and down-regulated lncRNAs and mRNAs between two groups. Up-regulated expression was indicated as “red”, and down-regulated expression was indicated as “green”.
TABLE 1 | Top 10 significantly differential expressed lncRNAs identified by high-throughput sequencing.
[image: Table 1]TABLE 2 | Top 10 significantly differential expressed mRNAs identified by high-throughput sequencing.
[image: Table 2]Functional Prediction of Aberrantly Expressed mRNAs
To further clarify the functional roles of these dysregulated mRNAs in the MCT-PAH rats, we performed GO enrichment and KEGG pathway enrichment analyses. The GO analysis showed terms related to three parts: biological process (BP), cellular component (CC), and molecular function (MF). The total differentially expressed mRNAs were significantly enriched in Fc-epsilon receptor signaling pathway (BP), immunoglobulin complex-circulating (CC), and immunoglobulin receptor binding (MF) (Figures 2A–C). Furthermore, KEGG pathway analysis was conducted to predict the potential pathways. Various important pathways involved in PAH, including Complement and coagulation cascades (rno04610), Circadian rhythm (rno04710), Renin-angiotensin system (rno04614), Systemic lupus erythematosus (rno05322), and B cell receptor signaling pathway (rno04662), were significantly enriched in the dysregulated mRNAs (Figure 2D). In addition, the up- and down-regulated mRNAs were also separately subjected to GO and KEGG enrichment analyses, which were shown in Supplementary Figures S2, S3, respectively. Similar to the total differentially expressed mRNAs, the up-regulated mRNAs were also enriched in immune and inflammatory responses. Apart from this, for down-regulated mRNAs, cell proliferation was another enriched function.
[image: Figure 2]FIGURE 2 | GO enrichment and KEGG pathway analyses for the total dysregulated mRNAs. Top 10 enriched GO terms of total dysregulated mRNAs were presented according to (A) biological process, (B) cellular component and (C) molecular function, respectively. (D) KEGG pathway analysis of the total dysregulated mRNAs in PAH.
The Long Non-Coding RNA-mRNA Co-Expression Network
To uncover the hidden interactions between lncRNAs and mRNAs in PAH, the lncRNA-mRNA Co-Expression network was constructed on the basis of dysregulated lncRNAs and mRNAs. After a strict screening process (PCC > 0.99), 30 differentially expressed lncRNAs were selected for the Co-Expression network. According to correlation coefficient, a total of 262 pairs of interaction relationships between lncRNAs and mRNAs were identified (Figure 3). The interactive mRNAs included LGALS3, PDGFC, SERPINA1, NFIL3, and so on, which could act as key regulatory factors in biological processes predicted by bioinformatics analysis above. The results partly uncovered the hidden competing endogenous RNA (ceRNA) mechanisms, and suggested these co-expressed lncRNAs might play important roles in the pathogenesis of PAH.
[image: Figure 3]FIGURE 3 | The lncRNA-mRNA Co-Expression Network. The red triangle nodes represented differentially expressed lncRNAs, and the green oval nodes represented differentially expressed mRNAs. The edges showed the interactions between lncRNAs and mRNAs.
Validation of Aberrantly Expressed Long Non-Coding RNAs and mRNAs
To validate the reliability of the sequencing results and ensure some key regulatory genes, we carried out qRT-PCR assay to verify the expression levels of lncRNAs and mRNAs in another three MCT-PAH rats and control rats. Four mRNAs were picked from the co-expression network because they were involved in the enriched GO terms or pathways, and were considered as key molecules for immune response (Arora et al., 1978; Pohlers et al., 2006; Kashiwada et al., 2010; Schroeder et al., 2020). And the verified lncRNAs are co-expressed with the known genes involved in the enriched GO terms or pathways. Among the four lncRNAs, NONRATT018084.2 and NONRATT009275.2 were found to be significantly up-regulated, whereas NONRATT007865.2 and NONRATT026300.2 were down-regulated in MCT-PAH rats (Figures 4A–D, p < 0.01). Then, four key differentially expressed mRNAs, involved in the biological processes identified by bioinformatics results above, were subjected to qRT-PCR. LGALS3 and PDGFC were significantly up-regulated, whereas SERPINA1 and NFIL3 were significantly down-regulated (Figures 4E–H, p < 0.01). These data were consistent with the high-throughput sequencing data. Hence, the reliability of sequencing results were confirmed, and several key functional genes were further identified.
[image: Figure 4]FIGURE 4 | Verification of the critical dysregulated lncRNAs and mRNAs by qRT-PCR. (A–D) The expression levels of four lncRNAs (NONRATT018084.2, NONRATT009275.2, NONRATT007865.2 and NONRATT026300.2). (E–H) The expression levels of four mRNAs (LGALS3, PDGFC, SERPINA1, and NFIL3). GAPDH was used as the internal control. The data are expressed as the mean ± SD (n = 3). **p < 0.01 vs. the control group.
Regulation of Macrophage Polarization by Long Non-Coding RNA NONRATT009275.2
To further confirm that the newly discovered targets are involved in immune inflammatory response, we conducted a preliminary cell function experiment. After transfection of LncRNA NONRATT009275.2 plasmids, NONRATT009275.2 was significantly up-regulated in BMDMs and transfection efficiency was verified (Figure 5A). Then macrophage polarization was detected by flow cytometry and qRT-PCR. Compared with the control group (vector + IL-4), NONRATT009275.2 enhanced macrophage polarization to M2 type in IL-4-stimulated BMDMs (Figures 5B,C). The Arg-1 mRNA expression, as a M2 marker, was also up-regulated (Figure 5D). According to the above lncRNA-mRNA co-expression network, we tested the expression of PDGFC with qRT-PCR, and found the PDGFC mRNA was up-regulated with the overexpression of NONRATT009275.2 (Figure 5E). Taken together, these data indicated that lncRNA NONRATT009275.2 could facilitate macrophage polarization to M2 type.
[image: Figure 5]FIGURE 5 | LncRNA NONRATT009275.2 facilitated macrophage polarization to M2 type. (A) The expression level of NONRATT009275.2 in transfected BMDMs. (B) The macrophage polarization was detected by flow cytometry. (C) The F4/80 and CD206 positive cells were quantified. (D,E) The Arg-1 and PDGFC mRNA expression were tested by qRT-PCR. GAPDH was used as the internal control. The data are expressed as the mean ± SD (n = 3). **p < 0.01 vs. the IL-4 + vector group.
DISCUSSION
Understanding the role played by altered ncRNAs in the development of PAH is an area of intense interest. There are more and more evidences suggesting that lncRNAs are pivotal regulators of various pathophysiological processes, including, but not limited to, cell function regulation (Leeper and Maegdefessel, 2018), immune and inflammatory responses (Haemmig et al., 2018), and vascular angiogenesis (Yu and Wang, 2018). With the development of new research techniques, an increasing number of microarrays and high-throughput sequencing platforms have been finished for clarifying differential expression profiling in PAH.
As far as we know, this study is the first to identify the expression profiles of lncRNAs in lung tissues from MCT-PAH rats. It has been reported that the profile of lncRNAs was significantly changed in the lungs of hypoxic pulmonary hypertension rats (Wang et al., 2016). A recent microarray analysis, in pulmonary arteries (PAs) of PAH rats induced by MCT, indicated that a total of 24 lncRNAs and 82 mRNAs were aberrantly expressed (Sun et al., 2019). In PAH rats with right ventricle (RV) failure induced by acute inflammation, 169 lncRNAs and 898 mRNAs were found to be aberrantly expressed in RV myocardium (Cao et al., 2018). In addition, there were some studies involved in human specimens. For chronic thromboembolic pulmonary hypertension patients, differential expression of 185 lncRNAs was found out in PAs (Gu et al., 2015). However, in plasma of 8 PAH patients, 84 candidate lncRNAs were either not expressed or little expressed with no significant difference (Schlosser et al., 2016). In fact, the expression profiles of lncRNAs in PAH are quite different among the above researches, which focused on some kind of tissue, or a certain pathogenic factor. Since PAH is a complicated pathophysiologic process, it is necessary to demonstrate the changes of different tissues and the effects of varied pathogenic factors. Our study mostly focused on the target organ and microenvironment, so lungs were chosen as the detected tissues for PAH. In our work, the profile of lncRNAs in lungs from MCT-PAH rats was firstly identified by high-throughput sequencing, which was different from the profiles of other reports. On the whole, 295 up-regulated and 264 down-regulated lncRNAs were confirmed to have aberrant expression, which contained a large number of novel lncRNAs.
LncRNAs have essential roles in the occurrence and development of PAH. Apoptosis and excessive proliferation and migration are dominant mechanisms of vascular remodeling induced by pulmonary artery smooth muscle cell (PASMC) dysregulation, a classical determinant in the pathogenesis of PAH (Tajsic and Morrell, 2011). It was reported that lncRNA H19 upregulated Angiotensin II receptor Type 1 by sponging let-7b, subsequently facilitating the development of PAH by up-regulating PASMC proliferation. And the lncRNA H19 knockout prevented pulmonary artery remodeling in MCT-PAH animal models (Su et al., 2018). Sun et al. (Sun et al., 2019) reported that overexpression of NONRATT015587.2 accelerated PASMC proliferation, upregulated Hif-1α expression, whereas its silencing promoted PASMC apoptosis. Similar to PASMC dysregulation, pulmonary artery endothelial cell (PAEC) dysregulation and its mesenchymal transition (EndMT) can also result in vascular remodeling related to PAH pathogenesis (Cho et al., 2018). A new lncRNA n342419, also named MANTIS, was down-regulated in lungs of PAH patients, which low expression compromised the reparative ability of PAECs, thereby perpetuating vascular remodeling (Leisegang et al., 2017). In our study, several previously reported lncRNAs were also found. More importantly, the profiles of lncRNAs and mRNAs from lungs in this study were able to provide more comprehensive candidate genes for improving the regulatory network of PAH.
The functional analysis demonstrated the potential roles of lncRNAs, which mainly enriched in inflammatory and immune response. Several key genes, including LGALS3 (Schroeder et al., 2020), PDGFC (Liu et al., 2019), NFIL3 (Kashiwada et al., 2010) and so on, were further verified in this study. Activation of immune cells and release of proinflammatory factors in system and microenvironment could be powerful contributors to numerous cardiovascular diseases. In recent years, greater attention has focused on the perivascular inflammation in patients with all forms of PAH (Rabinovitch et al., 2014; Gu et al., 2015). In fact, the inflammatory process is bound up with metabolic changes of blood vessels and inflammatory cells. Some lncRNAs have been proven to be involved in vascular inflammatory response. LncRNA MALAT1 up-regulated glucose-induced inflammatory mediators IL-6 and TNF-α by activating serum amyloid antigen 3 in HUVECs (Puthanveetil et al., 2015). Additionally, lncRNA MALAT1 could rescue TGF-β Receptor Type II from post-transcriptional suppression via sponging off miR-145 in endothelial progenitor cells (Li et al., 2019). NKILA, a cytoplasmic lncRNA, was reported to have an interaction with NF-κB/IκB complex, indicating a role of NKILA as a crucial moderator to protect the endothelium from inflammatory lesions and associated vascular disorders (Zhu et al., 2019). Recently, proinflammatory cytokine-induced lncRNA Giver was newly identified, which upregulated IL-6, CCL-2, and TNF to augment oxidative stress level and cell proliferation in vascular smooth muscle cells (Das et al., 2018). In this study, we found the newly discovered PAH related lncRNA, NONRATT009275.2, facilitated macrophage polarization to M2 type. To some extent, our preliminary experiment confirmed the dysregulated expression profiles are involved in inflammatory immune response.
In addition to inflammatory response, our functional analysis still found out that renin-angiotensin system and circadian rhythm participated in pathological process of PAH. Renin-angiotensin activity, as an important pathogenesis of hypertension, was also reported to be increased in PAH patients, and its inhibition by losartan was beneficial in experimental PAH (de Man et al., 2012). As far as we know, there are no studies involved in the relationship between circadian rhythm and PAH. Hence, our bioinformatics analysis could provide a new research direction for PAH. As important regulators of vascular pathophysiology, the role of lncRNAs in PAH remains unclear and further research is needed.
The original purpose of this sequencing was to have a holistic view of gene expression about PAH, and find more possible pathogenesis, not only inflammation or immunity. However, after bioinformatics analysis, we were surprised to find out that the dysregulated genes were mainly enriched in immunity, which indicated that immunity could play a major role in the pathological process of PAH. Then, we focused on immunity and inflammation and did a preliminary verification experiment. In fact, the lung tissue is a broad concept, including multiple cell types. While the lung tissue sequencing brought more potential pathological mechanisms, it also had some limitation, including the poor cell specificity. The levels of inflammatory factors and the effects on PAH in vitro and in vivo should be explored in further research.
In summary, this study, for the first time, analyzed the lncRNA and mRNA high-throughput sequencings in lung tissues of MCT-PAH rat models. Through a series of bioinformatics analyses, numerous aberrantly expressed lncRNAs and mRNAs were identified, and their potential roles in the pathogenesis of PAH were further predicted. We also constructed the co-expression network to expand the understanding of gene interactions. Several key regulatory genes were confirmed using qRT-PCR. In the end, we preliminarily verified the pathophysiological mechanism of lncRNA NONRATT009275.2 involved in PAH. Our research provided more comprehensive candidate genes and potential roles in modulating the pathogenesis of PAH, which might serve as valuable biomarkers and therapeutic targets, and laid the initial foundation for further mechanism study in PAH.
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Vascular adhesion protein-1 (VAP-1) is a semicarbazide-sensitive amine oxidase (SSAO), whose enzymatic activity regulates the adhesion/exudation of leukocytes in/from blood vessels. Due to its abundant expressions in vascular systems and prominent roles in inflammations, increasing attentions have been paid to the roles of VAP-1/SSAO in atherosclerosis, a chronic vascular inflammation that eventually drives clinical cardiovascular events. Clinical studies have demonstrated a potential value of soluble VAP-1 (sVAP-1) for the diagnosis and prognosis of cardiovascular diseases. Recent findings revealed that VAP-1 is expressed in atherosclerotic plaques and treatment with VAP-1 inhibitors alleviates the progression of atherosclerosis. This review will focus on the roles of VAP-1/SSAO in the progression of atherosclerotic lesions and therapeutic potentials of VAP-1 inhibitors for cardiovascular diseases.
Keywords: VAP-1, inflammation, atherosclerosis, myocardial infarction, stroke
INTRODUCTION
Cardiovascular diseases (CVD) are the leading cause of death worldwide. Most CVD patients die of ischemic heart disease and ischemic stroke (Zhang et al., 2020). The pathological basis of these diseases is atherosclerosis, and the subsequent induction of vascular stenosis or thrombosis leads to clinical acute cardiovascular events. Ongoing pathological studies indicate that atherosclerosis is a chronic inflammatory reaction of the vascular wall in response to dyslipidemia and endothelial distress involving the infiltration of leukocytes and activations of resident vascular cells (Frostegård, 2013). The recruitment of immune cells into atherosclerotic lesions requires the expression of adhesion molecules on endothelial cells. Vascular adhesion protein 1 (VAP-1), encoded by the AOC3 (amine oxidase copper-containing 3) gene, is an endothelial adhesion molecule with amine oxidase activity (Valente et al., 2008). The enzymatic activity of VAP-1 is highly sensitive to inhibition by semicarbazide (SCZ), and VAP-1 thus belongs to a family of semicarbazide-sensitive amine oxidase (SSAO). More and more evidence shows that VAP-1/SSAO is implicated in vascular diseases, probably due to the induction of leukocyte trafficking and vascular damage (Boomsma et al., 2005). This article reviews the involvement of VAP-1/SSAO in atherosclerotic diseases, including stroke and coronary artery disease (CAD), and discusses its role in atherosclerosis as well as the therapeutic potential of VAP-1 inhibitors for CVD.
VAP-1: AN INDUCIBLE ADHESION MOLECULE IN INFLAMMATION
VAP-1/SSAO is expressed in the vascular system, especially on the surface of endothelial cells, and regulates the adhesion and migration of circulating immune cells (Salmi and Jalkanen, 2019). A variety of in-vitro binding experiments have shown that bindings of lymphocytes, monocytes, and granulocytes to high endothelial venules (HEVs) and/or blood vessels in different tissues are partially dependent on the expression levels of VAP-1 (Salmi et al., 1997a; Salmi et al., 1997b; Salmi et al., 1998; Jaakkola et al., 2000). Real-time imaging shows that VAP-1 mediates the slow-rolling, firm adhesion and migration of leukocytes in blood vessels of lymphoid tissues and inflammatory sites (Stolen et al., 2005). Despite lowly expressed in a subset of venules of normal nonlymphatic tissues like skin, liver, and hearts, VAP-1 is abundant in HEVs of peripheral lymph nodes where the sialic acid residues of VAP-1 interact with counter-receptors on lymphocytes and thereby mediate their homing (Salmi and Jalkanen, 1996; Smith et al., 1998). During inflammation, endothelial VAP-1 is upregulated and its enzymatic activity is indispensable for leukocyte extravasation through endothelium (Salmi and Jalkanen, 2005). Accordingly, mice with Aoc3 deficiency or mutant Aoc3 lacking functional SSAO activity have defects in leukocyte migrations (Noonan et al., 2013). Moreover, inactivation of VAP-1/SSAO by specific inhibitors or neutralizing antibodies significantly reduces a variety of acute and chronic inflammatory diseases in experimental animals (Salmi and Jalkanen, 2019). The enzymatic actions of VAP-1 on leukocyte trafficking appear to be mediated by the production of hydrogen peroxide (Salmi and Jalkanen, 2019). Notably, apart from impaired leukocyte infiltration into inflammatory sites, decreased homing of immune cells to lymphatic organs due to VAP-1 deficiency/inactivation may also attenuate inflammations by inhibiting their activation and proliferation (Koskinen et al., 2007).
Although highly expressed, VAP-1 in both smooth muscle cells (SMCs) and adipocytes does not mediate lymphocyte binding (Jaakkola et al., 1999; Boomsma et al., 2005; Bour et al., 2009). In SMCs, VAP-1 is enriched in caveolae of the plasma membrane, but its physiological functions remain unknown (Salmi and Jalkanen, 2019). In contrast, the expression of VAP-1 is upregulated in adipocytes during differentiation or after incubation with the inflammatory cytokine TNF-α (Abella et al., 2004). In adipocytes, VAP-1 colocalizes with glucose transporter GLUT4 in an endosomal compartment, and its substrates stimulate the recruitment of GLUT4 to the plasma membrane, thereby promoting the uptake of glucose (Enrique-Tarancón et al., 1998; Yu et al., 2004). These insulin-like effects (i.e., increased glucose uptake and lipogenesis) of SSAO substrates on adipocytes require hydrogen peroxide generated in VAP-1’s enzymatic reactions (Zorzano et al., 2003). The potentials of adipose VAP-1 in the management of blood glucose/lipids and obesity thus have received special attentions. Interestingly, deletion of VAP-1 or expression of mutated VAP-1 lacking SSAO activity favors fat deposits in mice on regular chow diet without affecting food intake and glucose handling (Jargaud et al., 2020).
SOLUBLE VAP-1: A POTENTIAL BIOMARKER OF CVD
Soluble VAP-1 (sVAP-1) in circulation is produced by proteolytic cleavage of its membrane-bound form (Abella et al., 2004; Stolen et al., 2004b), and plasma levels of sVAP-1 vary in different species (Boomsma et al., 2003). In humans, plasma sVAP-1 concentrations are nicely correlated to SSAO activities in both healthy controls and patients with various diseases (Boomsma et al., 2003; Aalto et al., 2012). Data obtained in mice specifically expressing human VAP-1 (hVAP-1) in different cells revealed that plasma sVAP-1 is mainly derived from endothelial cells under both physiological and inflammatory conditions, with some contributions of adipocytes and SMCs (Göktürk et al., 2003; Stolen et al., 2004b). However, whether the same holds true in humans remains to be resolved. Physiologically, organs like livers, kidneys, and legs are unlikely to be the major source of plasma sVAP-1 in humans, as concentrations of sVAP-1 in arteries and veins of these organs are comparable (Boomsma et al., 2003). We speculate that a substantial amount of sVAP-1 could be produced by HEVs of lymphatic organs, where matrix metalloproteinases (MMPs) required for transendothelial migration of lymphocytes may cut off the membrane-bound VAP-1. In chronic inflammatory liver diseases, higher levels of sVAP-1 in hepatic veins vs. portal veins indicate that inflammation may trigger the production of sVAP-1 by local endothelial and parenchymal cells in inflammatory organs (Kurkijärvi et al., 2000). Conversely, surgical correction of coronary atherosclerotic lesions leads to the lowering of elevated plasma SSAO activities (Boomsma et al., 2003).
Elevated circulating sVAP-1 levels are evident in patients with all kinds of CVD including CAD, arterial stiffness, aortic stenosis, hypertension with echocardiographic alterations, chronic/congestive heart failure, and ischemic/hemorrhagic stroke (Table 1) (Chen et al., 2015). Consistent elevation of plasma sVAP-1 also reflects the severity of congestive/chronic heart failure and calcified aortic stenosis (Boomsma et al., 1997; Boomsma et al., 2000; Altug Cakmak et al., 2015). The importance of VAP-1/SSAO for calcification of human aortic valve is also evidenced by increased VAP-1 expression in the vicinity of calcified aortic valve zones and the decreased calcification of human valvular interstitial cells by SSAO inhibition (Mercier et al., 2020). Histological examinations demonstrated that VAP-1 is highly expressed in vessels of ischemic hearts with dense leukocyte infiltrations (Jaakkola et al., 2000). This contrasts with the reduction of VAP-1 expression in vessels of ischemic brain (Airas et al., 2008), probably due to endothelial VAP-1 shedding by microglial activation and matrix protease generation in acute ischemic stroke (del Zoppo et al., 2007). Interestingly, higher basal plasma activity of VAP-1/SSAO in the acute phase of ischemic stroke predicts the increased incidence of intracranial hemorrhage after intravenous infusion of tissue plasminogen activator (tPA) to restore brain perfusion (Hernandez-Guillamon et al., 2010). Likewise, neurological outcomes of intracerebral hemorrhage are predicted by plasma VAP-1 activities as well (Hernandez-Guillamon et al., 2012). In addition, sVAP-1 is associated with major adverse cardiovascular events (MACE) and mortality in people aged >50 without prior MACE and in patients with type II diabetes (Li et al., 2011; Aalto et al., 2014).
TABLE 1 | sVAP-1 in human cardiovascular diseases.
[image: Table 1]Clinical studies have demonstrated that serum sVAP-1 is a biomarker for atherosclerotic cardiovascular diseases (Table 1). Notably, the associations of sVAP-1 with cardiovascular risk factors and subclinical atherosclerosis are influenced by age, sex, and glucose. In Finnish subjects aged from 30 to 45, men had slightly higher levels of sVAP-1 than women, while opposite changes were observed in Chinese aged >40 (Aalto et al., 2012; Chen et al., 2016). As estrogen levels decline with age in females, higher concentrations of sVAP-1 correspond to low levels of estradiol in Chinese women. Moreover, the use of oral contraceptives in Finnish young women had a negative correlation to sVAP-1 activity, which may explain why levels of sVAP-1 were low and not correlated with age in Finnish women. It thus appears that chronic low-grade inflammations with aging and menopause lead to the elevation of sVAP-1 in women. Interestingly, a negative correlation of sVAP-1 with body mass index (BMI) has been observed in both Finish young and Chinese elder women, suggesting the increase of sVAP-1 may prevent the obesity in females. This anti-obese effect of VAP-1 seems to be estradiol-independent as they are negatively correlated. Rather, it is more likely to be attributed to the release of adipocyte VAP-1, which not only rises sVAP-1 but also reduces its insulin-mimic effects on the differentiation and lipogenesis of adipocytes. Why this effect is absent in males and whether androgen interferes with the generation of sVAP-1 are still perplexing. Notably, in young Finnish, but not elder Chinese, women, sVAP-1 represents an independent determinant of carotid intima-media thickness (IMT) and plaques. By contrast, despite no correlation with glucose in normoglycemic persons, sVAP-1 shows a strong positive association with type 1 and 2 diabetes, and independently determines carotid atherosclerotic plaques in hyperglycemic Chinese (Karádi et al., 2002; Aalto et al., 2012; Chen et al., 2016). Together, all these findings indicate that VAP-1 is involved in the pathogenesis of atherosclerosis.
VAP-1: AN IMPORTANT PLAYER IN ATHEROSCLEROSIS
Atherosclerosis is a vascular inflammation caused by intima lipid accumulation and endothelial cell dysfunction. In humans, fatty streaks appear in the thoracic and abdominal aortas early in childhood, and start to develop in coronary arteries in the second decade (McGill et al., 2000). In healthy aortas, endothelium does not express VAP-1 and the high expression of VAP-1 is confined to SMCs in media (Salmi et al., 1993). Similarly, in-vivo VAP-1 antibody labeling experiments showed the absence of VAP-1 in the aortas of healthy C57BL/6N mice. However, the expression of VAP-1 is induced in endothelial cells lining the atherosclerotic plaques of LDLr−/−ApoB100/100 mice on 4-month Western-type diet (WTD), indicating the involvement of endothelial VAP-1 in leukocyte recruitment to atherosclerotic lesions (Silvola et al., 2016) (Figure 1). Accordingly, contents of activated macrophages in lesions were correlated with the local intensity of VAP-1 in PET imaging using [68Ga]DOTA-Siglec-9 (Silvola et al., 2016). Given the enrichment of VAP-1 in caveolae of the plasma membrane of SMCs (Salmi and Jalkanen, 2019), it is conceivable that the synthetic phenotype switch of SMCs, which reduces the formation of caveolae (Thyberg, 2002), will result in decreased VAP-1 expression in atherosclerotic lesions. Nonetheless, effects of hyperlipidemia and local vascular inflammatory reactions on VAP-1 expression in vascular SMCs are still unknown.
[image: Figure 1]FIGURE 1 | The involvement of VAP-1 in atherosclerosis. LDL retention and endothelial dysfunction are the essential initiators of atherosclerosis. The vascular inflammation induces the translocation of VAP-1 onto the luminal surface of endothelium, which subsequently interacts with Siglec-9/10 (sialic acid-binding immunoglobulin-like lectin 9/10) to mediate the infiltrations of monocytes into atherosclerotic lesions. Meanwhile, enzymatic products of VAP-1, such as H2O2, may further increase the expression of VAP-1 on endothelium and the subsequent transmigration of monocytes. The inflammatory early lesions stimulate the transformation of SMCs in media from the quiescent “contractile” phenotype state to the active “synthetic” state with increased proliferation, migration, and collagen synthesis. VAP-1 in the plasma membrane of SMCs may inhibit their phenotypic switch by its enzymatic products and thereby limit the growth of fibrous cap composed of SMCs and collagens. VAP-1 thus represents a pathological factor for plaque instability characterized by thin fibrous cap overlying a large lipid core rich in mon/macrophage-derived foam cells.
The role of VAP-1 in atherosclerosis was first disclosed in transgenic mice overexpressing hVAP-1 on endothelial cells (Stolen et al., 2004a). Compared to control counterparts, endothelial hVAP-1 overexpression did not induce more lesion formations in aortas. Instead, numbers of lesions in transgenic mice were significantly reduced, but the size of each lesion was larger than that in control mice. VAP-1/SSAO in arterial wall may generate hydrogen peroxide, aldehyde, and ammonium. These products are involved in lipid peroxidization, advanced glycation end products (AGEs) generation and protein crosslinking, all of which may lead to endothelial activation and VAP-1 induction. Moreover, higher levels of aorta SSAO and increased turnover of its substrate methylamine were correlated with increased atherosclerosis susceptibility in C57BL/6 mice (Yu and Deng, 1998). VAP-1/SSAO enzymatic reaction is thus thought to be atherogenic by facilitating leukocyte infiltration and vascular damage (Figure 1).
Recently, effects of SSAO inhibitors on the development/progression of atherosclerosis in rodents have been investigated, and findings in these pharmacological studies suggest a pathological role of VAP-1/SSAO activity in atherosclerosis (Supplementary Table 1). By using a classical SSAO inhibitor SCZ, we found that inactivation of VAP-1/SSAO promoted the stability of atherosclerotic lesions with less macrophages but more SMCs and collagen accumulations in LDLr−/− mice on WTD, albeit the ineffectiveness on plasma cholesterol levels and body weight (Zhang et al., 2016). Notably, beyond reducing leukocyte infiltration, VAP-1/SSAO inactivation promotes the synthetic phenotype switch of vascular SMCs, which enhances plaque stability, both in vivo and ex vivo. Moreover, stabilization of established lesions in LDLr−/− mice after lipid lowering was further enhanced by SCZ, accompanied by increased amounts of synthetic SMCs in lesions as well (Peng et al., 2016). These results indicate that the enzymatic products of VAP-1 may promote plaque vulnerability via SMCs (Figure 1). By contrast, in LDLr−/−ApoB100/100 mice on WTD, Sivola et al. demonstrated that 4-weeks treatment with JLP-1586, another VAP-1 inhibitor, had no effect on plaque size, body weight, or plasma lipid levels, but decreased the density of macrophages in atherosclerotic lesions (Silvola et al., 2016). In addition, Wang et al. found that ApoE−/− mice or rabbits treated with PXS-4728A, a specific SSAO inhibitor, exhibited reduced atheroma with less oxidative stress and endothelial dysfunction, and markedly alleviated plasma levels of lipids and glucose (Wang et al., 2018a; Wang et al., 2018b). Given that comparable LDL-C/glucose lowering by atorvastatin resulted in a similar reduction of lesions, it seems that the atheroprotective effect of PXS-4728A is largely attributed to the reduced levels of LDL-C/glucose. Recent studies indicate that hepatic inflammation and nonalcoholic fatty liver disease (NAFLD) may result in hyperglycemia and hyperlipidemia, respectively (Min et al., 2012; Okin and Medzhitov, 2016). VAP-1 mediates hepatic inflammation of NAFLD and its inhibition modifies hepatic steatosis (Weston et al., 2015; Shepherd et al., 2020). Whether, and to which extent, the amelioration of hepatic steatosis and inflammation contributes to LDL-C/glucose lowering of PXS-4728A remains to be investigated. Future investigations on high-fat/cholesterol diet fed mice with a combined deficiency of VAP-1 and LDLr−/− or ApoE−/− will provide direct evidence for the role of VAP-1 in cholesterol/glucose metabolism. Impacts of VAP-1 inhibitors on plasma LDL-C/glucose levels in VAP-1−/−ApoE−/− or VAP-1−/−LDLr−/− mice would help to clarify their target specificity. Given the different lipid/glucose metabolisms as well as inhibitor selectivity between small rodents and humans, LDL-C/glucose lowering effects of different VAP-1 inhibitors should also be tested/confirmed in non-rodent large animals and primates. Clearly, studies on atherosclerotic lesion development in total-body and/or cell-specific VAP-1 knockout mice are still lacking to further corroborate its roles in atherosclerosis.
VAP-1 INHIBITORS: A CLASS OF POTENTIAL DRUGS FOR CVD
Obesity and diabetes are the major health risks associated with atherosclerotic CVD. Modulations of SSAO activity have been proven to be effective in management of (diabetic) obesity associated with low-grade adipose inflammation (Jargaud et al., 2020). Consequently, adipose inflammation and obesity are remarkably diminished by all kinds of SSAO inhibitors in obese and diabetic rodent models (Supplementary Table 1) (Papukashvili et al., 2020). Interestingly, despite a moderate and long-lasting elevation of serum glucose, the development of atherosclerotic lesions and obesity in diabetic KKAy mice was prevented by two different inhibitors, MDL-72974A, and aminoguanidine, indicating that simple hyperglycemia is not harmful for obesity and atherosclerosis in the absence of VAP-1/SSAO activity (Yu et al., 2002; Yu et al., 2004). However, the exact contribution of adipose SSAO inactivation to obesity-/diabetes-related vascular dysfunction and atherosclerotic lesion development remains unclear.
As outlined above, VAP-1/SSAO inhibitors may prevent adverse clinical events in CVD by reducing the lesion size/inflammation and/or increasing plaque stability. Moreover, VAP-1/SSAO inhibitors have shown beneficial effects on the treatment of CVD, such as stroke and myocardial infarction after onset, as well. In a rat embolic stroke model treated with tPA, SCZ prevented adverse effects caused by delayed tPA administration, leading to a smaller infarct volume (Hernandez-Guillamon et al., 2010). The administration of two VAP-1 inhibitors, LJP-1586, and SCZ, at 1 h after induction of intracerebral hemorrhage significantly reduced brain inflammation and edema as well as neurobehavioral deficits (Ma et al., 2011). Even at 6 h post-subarachnoid hemorrhage, administration of LJP-1586 improved the neurological outcome by 25% (Xu et al., 2014). Additionally, myocardial SSAO activity was increased in myocardial ischemia-reperfusion injury, and administration of SCZ, hydralazine, or LJP-1207, reduced the myocardial infarct size in vivo (Yang et al., 2011).
So far, clinical trials investigating hVAP-1-targeting therapeutics on CVD have not yet been initiated. Most inhibitors tested in preclinical studies could not proceed into clinical trials because of potential off-target toxicity or the appearance of better substitutions (Vakal et al., 2020). Nonetheless, PXS-4728A was safe and showed a long-lasting inhibitory effect in phase I and IIa clinical trials in NASH (non-alcoholic steatohepatitis). Unfortunately, this clinical investigation was reported to be discontinued due to the potential harmful interaction of PXS-4728A with a drug used by NASH patients (Vakal et al., 2020). Notably, a phase IIa trial of PXS-4728A in diabetic nephropathy is still ongoing. Analyzing its effect on atherosclerotic risk factors in these clinical studies will provide more insights into the therapeutic potentials of VAP-1 inhibition for CVD.
CONCLUSIONS AND FUTURE PERSPECTIVES
SSAO/VAP-1 is involved in the development of atherosclerosis. The enzymatic activity of VAP-1/SSAO facilitates the transendothelial migration of leukocytes, while the toxic products generated may inhibit the phenotypic switch of vascular SMCs. Extensive clinical studies have demonstrated the potential value of sVAP-1 in diagnosis and prognosis of CVD. Moreover, prevention of atherosclerosis and obesity, as well as the improvement of infarcts and injury after onset of CVD are evident in rodents treated with VAP-1 inhibitors. However, cell/stage-specific effects of VAP-1 and impacts of its inhibitors on atherosclerosis, as well as underlying mechanisms, warrant further investigations in rodents and non-rodent animals.
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Rheumatoid arthritis (RA) is characterized by a tumor-like expansion of the synovium and subsequent destruction of adjacent articular cartilage and bone. In our previous work we showed that phosphatase and tension homolog deleted on chromosome 10 (PTEN) contributes to the activation of fibroblast-like synoviocytes (FLS) in adjuvant-induced arthritis (AIA), but the underlying mechanism is not unknown. In this study, we show that PTEN is downregulated while DNA methyltransferase (DNMT)1 is upregulated in FLS from RA patients and a rat model of AIA. DNA methylation of PTEN was increased by administration of tumor necrosis factor (TNF)-α in FLS of RA patients, as determined by chromatin immunoprecipitation and methylation-specific PCR. Treatment with the methylation inhibitor 5-azacytidine suppressed cytokine and chemokine release and FLS activation in vitro and alleviated paw swelling in vivo. PTEN overexpression reduced inflammation and activation of FLS via protein kinase B (AKT) signaling in RA, and intra-articular injection of PTEN-expressing adenovirus into the knee of AIA rats markedly reduced inflammation and paw swelling. Thus, PTEN methylation promotes the inflammation and activation of FLS in the pathogenesis of RA. These findings provide insight into the molecular basis of articular cartilage destruction in RA, and indicate that therapeutic strategies that prevent PTEN methylation may an effective treatment.
Keywords: rheumatoid arthritis, pten, inflammation, DNA methylation, fibroblast-like synoviocytes
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic and systemic autoimmune disease characterized by inflammation and hyperplasia of synovial tissues and destruction of adjacent articular cartilage (Smolen et al., 2018). Fibroblast-like synoviocytes (FLS), the major cell type in synovial tissue, are involved in the pathologic and inflammatory processes of RA (De Oliveira et al., 2019). Activated FLS secrete proinflammatory cytokines (tumor necrosis factor (TNF)-α and interleukin [IL]-1β), chemokines [monocyte chemoattractant protein (MCP)-1, also known as C–C motif chemokine ligand (CCL)-2], matrix metalloproteinases [(MMP)-3 and -9], and angiogenic factors (Yoshitomi, 2019) that enter the intra-articular synovial fluid and destroy cartilage and bone in RA (Ai et al., 2018). In fact, FLS activation and immune dysregulation are the main factors contributing to the pathogenesis and development of RA (Yoshitomi, 2019). Therefore, inhibiting FLS activation and inflammation is important for the treatment of RA.
Crosstalk between cytokine and chemokine signaling contributes to RA progression by activating FLS (Muntyanu et al., 2016). The proinflammatory cytokines TNF-α and IL-6 are known to be involved in this process (Tai et al., 2021); therapeutic strategies that restore their levels could prevent RA development. TNF-α is present at a high concentration in the serum and synovial fluid of RA patients, and exposure of FLS from these patient to high levels of TNF-α decreased total histone levels and increased acetylation of the remaining histones through recruitment of nuclear factor (NF)-κB p65 (Sohn et al., 2015). Chemokines exacerbate joint inflammation by recruiting inflammatory cells to the synovial microenvironment. Macrophage inhibitory protein (MIP)-1α (also known as CCL-3) and CCL-2 were shown to participate in macrophage activation in the synovium of RA patients (Kabala et al., 2020).
We recently reported that phosphatase and tension homolog deleted on chromosome 10 (PTEN) is involved in the activation and inflammation of FLS in RA (Li et al., 2019a). PTEN was shown to exert anti-inflammatory and antiproliferative effects by inhibiting the activation of protein kinase B (AKT) signaling. Additionally, adenovirus-mediated delivery of PTEN reduced articular index, ankle circumference, and histology scores and decreased vascular endothelial growth factor (VEGF) and IL-1β levels in collagen-induced arthritis (Wang et al., 2008). Our previous research showed that PTEN overexpression suppressed the proliferation and migration of FLS and inflammation in adjuvant-induced arthritis (AIA) (Li et al., 2019a), which may be regulated by DNA methylation (Li et al., 2019a). However, the precise mechanism underlying the aberrant expression of PTEN in RA and its relationship to inflammation and FLS activation are unknown. This was addressed in the present study both in vitro using FLS from patients with RA as well as in vivo using a rat model of AIA.
METHODS AND METHODS
FLS Isolation
FLS were extracted from the synovium of patients with RA (n = 6) or osteoarthritis (OA; n = 8) undergoing total joint replacement at the Department of Orthopedics, the First Affiliated Hospital of Anhui Medical University, Hefei, China. All patients provided written, informed consent for the use of their samples, and experimental protocols involving human subjects were approved by the biomedical ethics committee of Anhui Medical University (approval no. 20200970). Cells between passages 4 and 9 were used for experiments. The information of RA patients are shown in Supplementary Table S1.
Rat Model of AIA, PTEN Overexpression, and DNA Methylation Inhibitor Treatment
To establish the rat AIA model, Sprague–Dawley rats (80–120 g) were treated with complete Freund’s adjuvant (0.1 ml/100 g body weight; Chondrex, Redmond, WA, United States) for 24 days via subcutaneous injection into the left hind paw (Li et al., 2017; Li X.-F. et al., 2019; Li XF. et al., 2019). Control rats were injected with saline. After 14 days, AIA rats were administered adenovirus carrying the rat PTEN gene (Ad-PTEN) or the green fluorescent protein gene (Ad-GFP) (Hanbio, Shanghai, China) via intra-articular injection (0.1 ml) into the hind knee. They were also treated with the DNA hypomethylating agent 5-aza-2′-deoxycytidine (5-azadC; Sigma-Aldrich, St. Louis, MO; United States) by intraperitoneal injection at a dose of 0.7 mg/kg/3 days for 21 days. The rats were provided by the Experimental Animal Center of Anhui Medical University and were maintained in accordance with the Guides for the Care and Use of Laboratory Animals of the Center for Developmental Biology, Anhui Medical University. Experiments involving the animals were carried out in accordance with the Regulations of Experimental Animal Administration issued by the State Committee of Science and Technology of China, and were approved by Anhui Medical University’s subcommittee on animal care (approval no. 20200963).
Histopathology
Synovium specimens from human and rat knee joints were fixed with 4% paraformaldehyde for 48 h and embedded in paraffin according to standard procedures, and sectioned for hematoxylin and eosin staining, immunohistochemistry, and immunofluorescence analysis. The sections were photographed using CaseViewer software (3DHISTECH, Budapest, Hungary).
2.4 Enzyme-Linked Immunosorbent Assay (ELISA)
Rat blood was collected through the abdominal aorta and the serum was separated by centrifugation. TNF-α and IL-6 levels in rat serum and IL-6 and IL-8 levels in human FLS from RA patients were measured by ELISA using commercial kits (R&D, Minneapolis, MN, United States) according to the manufacturer’s protocol.
FLS Culture
FLS were obtained from the synovium of AIA rats and RA patients by tissue separation and cultured in Dulbecco’s Modified Eagle’s Medium (HyClone, South Logan, UT, United States) supplemented with 20% (v/v) fetal bovine serum, 100 U/ml penicillin, and 100 mg/ml of streptomycin (Beyotime, Shanghai, China) at 37°C and 5% CO2.
Immunocytochemistry
PTEN expression in FLS treated with TNF-α was detected by immunocytochemistry using a rabbit anti-PTEN antibody (Abcam, Cambridge, United Kingdom). The cells were stained with 4′,6-diamidino-2-phenylindole (Beyotime, Shanghai, China) in the dark and then photographed under an epifluorescence microscope (BX-51; Olympus, Tokyo, Japan).
Gene Silencing by RNA Interference (RNAi)
FLS were transfected with PTEN small interfering RNA (GenePharma, Shanghai, China) or overexpression plasmid (GeneChem, Shanghai, China) using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States). The sense and antisense oligonucleotide sequences were as follows: human PTEN-RNAi, 5′-CAG​UAG​AGG​AGC​CGU​CAA​ATT-3′ and 5′-UUU​GAC​GGC​UCC​UCU​ACU​GTT-3′. A negative control scrambled RNAi was used in parallel. FLS were transfected with PTEN-pcDNA3.1 (human) vectors to overexpress PTEN, and with empty pcDNA 3.1 vector as a control. After transfection for 8 h, FLS were cultured in complete medium at 37°C for 48 h before analysis.
Adenovirus-Mediated PTEN Overexpression in FLS
Ad-PTEN and Ad-GFP (negative control) were prepared as stock solutions of 1 × 1010 PFU/ml were obtained from Hanbio (Shanghai) and used to infect the synovium of AIA rats.
Methylation-specific PCR
DNA was extracted from FLS with the Wizard DNA Clean-Up System (Promega, Madison, WI, United States) according to the manufacturer’s instructions. Unmethylated cytosine residues were converted to uracil with the Methylamp DNA Modification Kit (EpiGentek, Farmingdale, NY, United States). The primer sequences for amplification of methylated and unmethylated PTEN are shown in Supplementary Table S2.
Quantitative Real-Time PCR
Total RNA was extracted from FLS using TRIzol reagent (Invitrogen) and reverse transcribed to cDNA with the iScript cDNA kit (Bio-Rad, Hercules, CA, United States). qRT-PCR was performed with SYBR Green q-PCR Master Mix (Toyobo, Osaka, Japan). Primers for qRT-PCR were synthesized by Sangon Biotech (Shanghai, China), and the sequences are shown in Supplementary Table S3. All reactions were performed three times, and relative mRNA expression levels of target genes were determined by normalization to the level of β-actin.
Western Blotting
Total protein was extracted from FLS with lysis buffer. The proteins were denatured by boiling and separated by 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA, United States) that was blocked and incubated overnight with primary antibodies. Rabbit antibodies PTEN; tissue inhibitor of metalloproteinase (TIMP)-1 (Abcam); AKT, phosphorylated (p-)AKT, MMP-3, and MMP-9 (Cell Signaling Technology, Danvers, MA, United States); and IL-1β, IL-6, and IL-17A, (Bioworld, Shanghai, China) were used at 1:500 dilution. Mouse anti-DNA methyltransferase (DNMT)1 (Abcam) and anti-β-actin (Bioworld) antibodies were used at 1:1,000 dilution. After washing, the membrane was incubated with horseradish peroxidase (HRP)-conjugated goat anti-mouse or -rabbit antibodies for 1 h. Protein bands were visualized with Immobilon Western Chemiluminescent HRP Substrate (Millipore) and photographed with a ChemiDocMP Imaging System (Bio-Rad).
Chromatin Immunoprecipitation
ChIP was performed using the SimpleChIP Kit (Cell Signaling Technology) according to the manufacturer’s instructions. Proteins in FLS were crosslinked with 1% formaldehyde and the cells were lysed; the lysate was incubated overnight at 4°C with anti-DNMT1 mouse monoclonal antibody followed by ChIP-grade Protein A/G Plus agarose beads for 2 h. After washing with three different buffers, the crosslinks were reversed at 65°C for 2 h, and immunoprecipitated DNA was detected by qRT-PCR.
Paw Swelling
After AIA rats were treated with complete Freund’s adjuvant subcutaneous injection into the left hind paw, the volume of right hind paw swelling was measured by toe volume measuring instrument (Chengdu Taimeng Software Co. Ltd.) at days 15, 18, 21, 24, 27, and 30.
Statistical Analysis
Data are presented as mean ± standard deviation and were analyzed using SPSS v13.0 software. Statistical significance was determined by 1-way analysis of variance or RMANOVA with a post-hoc Dunnett’s test. In all analyses, p values < 0.05 were considered statistically significant.
RESULTS
PTEN Expression is Downregulated in FLS From Both Clinical RA Specimens and AIA Rats
Inflammatory cell infiltration into synovial tissue was observed in rat AIA and clinical RA specimens (Figure 1A). PTEN was downregulated in the lining and in the sublining of the synovium by immunohistochemistry (Figure 1B) and immunofluorescence analysis (Figure 1C), which was confirmed by western blotting (Figure 1D). Treatment of FLS with inflammatory factors including IL-1β, IL-6, IL-17A, TNF-α, IFN-γ, and lipopolysaccharide reduced PTEN levels (Figure 1E).
[image: Figure 1]FIGURE 1 | PTEN expression is reduced in FLS from clinical RA specimens and a rat model of AIA. (A) Representative images of hematoxylin and eosin staining in synovium. (B, C) Representative images of PTEN immunoreactivity in synovium detected by immunohistochemistry (B) and immunofluorescence labeling (C). (D) Western blot analysis of PTEN protein levels. (E) and after treatment with IL-1β (2 ng/ml), IL-6 (5 ng/ml), IL-17A (10 ng/ml), TNF-α (10 ng/ml), IFN-γ (10 ng/ml), and lipopolysaccharide (LPS; 1 μg/ml). Values represent mean ± SD of three different FLS samples.
PTEN Expression in RA Is Regulated by DNA Methylation
We identified CpG islands near the first exon of the PTEN transcript and in the upstream region of the human and rat genes, suggesting that the change in PTEN expression in RA is related to CpG methylation (Figure 2A). DNMT1 protein was upregulated in FLS from RA patients compared to those from OA patients (Figure 2B) and in FLS from AIA rats compared to those from normal rats. DNMT1 expression was also increased to varying degrees in FLS treated with proinflammatory factors (Figure 2C). TNF-α treatment resulted in methylation of the PTEN gene, as detected by the MSP assay (Figure 2D), and recruited DNMT1 to the coding region of the PTEN gene, as determined by ChIP (Figure 2E). These results indicate that the PTEN gene is downregulated by DNA methylation in RA.
[image: Figure 2]FIGURE 2 | PTEN expression is regulated by DNA methylation in RA. (A) Schematic illustration of rat and human PTEN genes; a CpG island was detected near and upstream of the first exon. (B, C) DNMT1 protein expression in FLS from RA patients and AIA model rats was analyzed by western blotting. (D) and after treatment with IL-1β (2 ng/ml), IL-6 (5 ng/ml), IL-17A (10 ng/ml), TNF-α (10 ng/ml), IFN-γ (10 ng/ml), and lipopolysaccharide (LPS; 1 μg/ml). (D) MSP analysis of PTEN methylation level in FLS treated with TNF-α. (E) ChIP of PTEN mRNA precipitated with anti-DNMT1 antibody from FLS treated with TNF-α. Values represent mean ± SD. #p < 0.05, ##p < 0.01 vs. AIA group or RA group.
Inhibiting DNA Methylation Suppresses Inflammation and Activation of FLS in RA
To confirm that PTEN expression in RA is regulated by DNA methylation, human RA FLS were treated with the methylation inhibitor 5-azadC; this resulted in the upregulation of PTEN (Figures 3A,B) and downregulation of DNMT1 protein treated with TNF-α. Notably, following treatment with TNF-α, expression of the proinflammatory cytokines IL-1β, IL-6, and IL-17A in FLS were decreased by 5-azadC, as determined by western blotting and qRT-PCR (Figures 3C,D), while secretion of IL-6 and IL-8 was also reduced (Figure 3E) along with the mRNA expression of the chemokines CCL-2, CCL-3, CCL-8, IL-8, and IL-10 (Figures 3B,F) and MMP-3 and MMP-9 (Figures 3G,H). Thus, inhibiting the methylation of PTEN results in its upregulation and decreases proinflammatory cytokine and chemokine levels and FLS activation in RA.
[image: Figure 3]FIGURE 3 | Inhibition of DNA methylation suppresses inflammation and FLS activation in RA. FLS from RA patients were treated with TNF-α (10 ng/ml) and 5-azadC (2 μM). (A) DNMT1, PTEN, and p-AKT protein levels detected by western blotting. (B) PTEN, IL-10, and IL-8 mRNA levels detected by qRT-PCR. (C, D) IL-1β, IL-6, and IL-17A mRNA and protein levels analyzed by qRT-PCR and western blotting, respectively. (E) IL-6 and IL-8 in the culture supernatant detected by ELISA. (F) CCL-2, CCL-3, and CCL-8 mRNA levels detected by qRT-PCR. (G, H) MMP-3, MMP-9, and TIMP-1 mRNA and protein levels analyzed by qRT-PCR and western blotting, respectively. Values represent mean ± SD. ##p < 0.01 vs. AIA or RA group; *p < 0.05, **p < 0.01 vs. TNF-α group.
Intraperitoneal injection of 5-azadC into the synovium of AIA rats caused an increase in PTEN expression compared to model rats without treatment (Figures 4A,B); this was accompanied by decreased inflammatory cell infiltration (Figure 4C) and paw swelling (Figure 4D); reduced serum levels of IL-6 and TNF-α protein (Figure 4E); and downregulation of IL-1β, IL-17A, and DNMT1 and upregulation of PTEN in synovial tissues (Supplementary Figures 1A–D). These results indicate that inhibiting DNMT1 activity reduces PTEN methylation and suppresses inflammation in RA.
[image: Figure 4]FIGURE 4 | Inhibition of DNA methylation suppresses inflammation in a rat model of AIA. AIA rats were treated with 5-azadC (0.7 mg/kg) by intraperitoneal injection. (A, B) Representative images of PTEN immunoreactivity in the synovium detected by immunohistochemistry (A) and immunofluorescence labeling (B). (C) Representative images of hematoxylin and eosin staining in the synovium. (D) Paw swelling. (E) Serum IL-6 and TNF-α protein levels detected by ELISA. Values represent mean ± SD. #p < 0.05, ##p < 0.01 vs. normal group; *p < 0.05, **p < 0.01 vs. AIA group.
PTEN Overexpression Inhibits Inflammation and Activation of FLS in RA
To clarify the mechanism underlying the regulation of inflammation by PTEN in RA, we used the human PTEN-pcDNA3.1 vector to overexpress PTEN in FLS. Western blot and qRT-PCR analyses revealed that PTEN expression was increased in cells overexpressing PTEN, which was accompanied by upregulation of p-AKT (Figures 5A,B). In human RA FLS treated with TNF-α, the levels of the proinflammatory cytokines IL-1β, IL-6, IL-8, and IL-17A were decreased (Figures 5C,D) whereas IL-10 mRNA level was increased (Figure 5B) by PTEN overexpression; moreover, IL-6 and IL-8 secretion was reduced (Figure 5E) along with the mRNA and protein expression of CCL-2, CCL-3, and CCL-8 (Figure 5F) and MMP-3 and MMP-9, with TIPM-1 levels showing the opposite trends (Figures 5E,H). These results provide further evidence that decreased expression of PTEN leads to increased inflammation and FLS activation in RA.
[image: Figure 5]FIGURE 5 | PTEN overexpression inhibits inflammation and FLS activation in RA. FLS from the synovium of RA patients overexpressing PTEN were treated with TNF-α (10 ng/ml). (A) PTEN and p-AKT protein levels detected by western blotting. (B) PTEN, IL-10, and IL-8 mRNA levels detected by qRT-PCR. (C, D) IL-1β, IL-6, and IL-17A mRNA and protein levels analyzed by qRT-PCR and western blotting, respectively. (E) IL-6 and IL-8 protein levels in the culture supernatant detected by ELISA. (F) CCL-2, CCL-3, and CCL-8 mRNA levels detected by qRT-PCR. (G, H) MMP-3, MMP-9, and TIMP-1 protein levels detected by western blotting. Values represent mean ± SD. ##p < 0.01 vs. RA group; *p < 0.05, **p < 0.01 vs. pcDNA3.1 group.
In order to assess the effect of PTEN overexpression in synovial tissues in vivo, we injected Ad-PTEN or the control adenovirus Ad-GFP into the knees of AIA rats. We confirmed that Ad-PTEN caused the upregulation of PTEN in the synovial lining compared to Ad-GFP by western blotting (Figures 6A,B). Intra-articular injection of Ad-PTEN decreased inflammatory cell infiltration into the synovium (Figure 6C), with a corresponding reduction in paw swelling (Figure 6D). Moreover, serum IL-6 and TNF-α levels were also downregulated (Figure 6E) along with IL-1β, IL-6, IL-17A, and TNF-α levels in synovial tissues (Supplementary Figures 1E, F) in AIA rats injected with Ad-PTEN as compared to Ad-GFP. Thus, overexpressing PTEN in the synovial joint of RA model rats inhibits the expression of proinflammatory cytokines and reduces paw swelling.
[image: Figure 6]FIGURE 6 | PTEN overexpression suppresses inflammation in a rat AIA model. AIA model rats were treated with Ad-GFP or Ad-PTEN by intra-articular injection. (A, B) Representative images of PTEN immunoreactivity in synovium detected by immunohistochemistry (A) and immunofluorescence analysis (B). (C) Representative images of hematoxylin and eosin staining in the synovium. (D) Paw swelling. (E) Serum IL-6 and TNF-α protein levels detected by ELISA. Values are expressed as mean ± SD. #p < 0.05, ##p < 0.01 vs. normal group; *p < 0.05, **p < 0.01 vs. Ad-GFP group.
DISCUSSION
RA is characterized by interactions between FLS and inflammatory cells in the synovium. PTEN is downregulated in RA, which was shown to be correlated with joint inflammation in AIA rats. However, the role of PTEN in the pathogenesis of RA is not fully understood. In the current study, we confirmed that PTEN was downregulated whereas DNMT1 was upregulated in human RA and rat AIA FLS. We also found that methylation of the PTEN gene was increased in RA FLS treated with TNF-α by ChIP and with the MSP assay. Administration of the DNA methylation inhibitor 5-azadC suppressed inflammation, FLS activation, and paw swelling in AIA rats; PTEN was found to mediate this effect via AKT signaling. Accordingly, intra-articular injection of Ad-PTEN into the knees of AIA rats markedly reduced inflammation and paw swelling. We also demonstrated that PTEN methylation promotes inflammation (as evidenced by the upregulation of IL-1β, IL-6, CCL-2, and CCL-3) and activation of FLS in RA (Figure 7).
[image: Figure 7]FIGURE 7 | PTEN methylation promotes inflammation and FLS activation in RA. Methylation-induced downregulation of PTEN promotes inflammation and activation of FLS in the development of RA via the proinflammatory factors IL-1β, IL-6, CCL-2, and CCL3. TNF-α produced by inflammatory cells (eg., macrophages and T cells) induces the activation of FLS and aggravates cartilage destruction. Overexpression of PTEN reversed these pathologic effects.
The rat AIA model has histologic and immunologic features similar to RA in humans and is a widely used model in RA research (Du et al., 2019). The pathogenesis of RA involves the activation of various inflammatory cell types including innate immune cells (e.g., mast cells and macrophages) (Andreev et al., 2020), adaptive immune cells (T and B cells) (Clarke, 2020), and FLS that interact to modulate the immune response. Activated FLS promote the infiltration, recruitment, and accumulation of T lymphocytes and macrophages in RA by producing proinflammatory cytokines, extracellular matrix proteins, chemokines, and cell adhesion molecules. However, to date there are no therapeutics that effectively target FLS, because the mechanism regulating FLS activation is not known. Inhibiting the production of proinflammatory cytokines and chemokines by FLS is a potential strategy for RA treatment.
PTEN mRNA expression is regulated by DNA methylation in gastric cancer (Zhang et al., 2019) and melanoma (Roh et al., 2016; Giles et al., 2019). DNA methylation is a type of epigenetic modification that regulates gene expression and may contribute to immune dysregulation (Zheng et al., 2010; Ai et al., 2018). Methylation of the poly (ADP-ribose) polymerase family member (PARP)9 gene was correlated with the level of transcript in Jurkat cells and T lymphocytes isolated from patients with RA (Zhu et al., 2019). We previously reported that PTEN expression was undetectable in the synovial lining of RA patients (Pap et al., 2000; Chen et al., 2017); in the present work, we observed PTEN expression in RA synovial tissue following treatment with inflammatory factors in vitro and in vivo. We also provide the first detailed evidence that PTEN regulates FLS activation and production of proinflammatory cytokines and chemokines in RA pathogenesis, which was dependent on PTEN methylation status.
In the present study, DNMT1 was upregulated in FLS from clinical RA specimens and a rat model of AIA that were treated with TNF-α, which was accompanied by DNMT1 recruitment to the coding region of the PTEN gene. Inhibiting methylation with 5-azadC in FLS treated with TNF-α resulted in upregulation of PTEN mRNA and protein levels, downregulation of proinflammatory cytokines (IL-1β, IL-6, and IL-17A) and chemokines (IL-8, CCL-2, CCL-3, and CCL-8), and suppression of FLS activation. The various cytokines form a complex network in RA and exert physiologic effects through overlapping and mutual regulatory functions. Chemokine-induced activation of FLS was shown to aggravate inflammation and bone destruction in RA (You et al., 2014; Jia et al., 2018). Given their abundant expression in the synovium of RA patients, these chemokines may facilitate FLS recruitment and activation (Eljaafari et al., 2012; Angiolilli et al., 2017). In the present work, PTEN overexpression in RA FLS treated with TNF-α resulted in the downregulation of proinflammation cytokines and chemokines in FLS. Moreover, intra-articular injection of adenovirus expressing PTEN into the knees of AIA model rats markedly reduced inflammatory cell infiltration and paw swelling; this was accompanied by downregulation of IL-6 and TNF-α in the serum and in synovial tissues. IL-6, IL-1α, IL-1β, and keratinocyte-derived chemokine (KC) were shown to be elevated in lung lysates of PTEN-null mice (Riquelme et al., 2017). Taken together, our results indicate that altered PTEN expression mediated by DNA methylation contributes to the pathogenesis of RA.
This study had some limitations. Firstly, the sample sizes (both clinical samples and AIA rats) were small. Secondly, a PTEN knockout mouse and other RA models could have been used to clarify the role of PTEN in RA. Nonetheless, we demonstrated that PTEN plays an important role in RA pathogenesis by modulating the production and secretion of proinflammatory cytokines and chemokines and FLS activation via the AKT signaling pathway. We also showed that the expression of PTEN itself in RA is regulated by DNA methylation. These findings suggest that therapeutic strategies targeting PTEN methylation may be effective in preventing the development of RA.
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Ulcerative colitis (UC) is a chronic non-specific inflammatory bowel disease, which usually manifests as abdominal pain, diarrhea and hematochezia. The disease often recurs and is difficult to cure. At present, the pathogenesis is not clear, but it is believed that the disease is caused by a complex interaction among immunity, heredity, environment and intestinal microflora disorders. MicroRNA (miRNA) is endogenous single-stranded non-coding RNA of 17–25 nucleotides (nts). They target the 3'Untranslated Region of a target gene and inhibit or degrade the target gene according to the extent of complementary bases. As important gene expression regulators, miRNAs are involved in regulating the expression of most human genes, and play an important role in the pathogenesis of many autoimmune diseases including UC. Studies in recent years have illustrated that abnormal expression of miRNA occurs very early in disease pathogenesis. Moreover, this abnormal expression is highly related to disease activity of UC and colitis-associated cancer, and involves virtually all key UC-related mechanisms, such as immunity and intestinal microbiota dysregulation. Recently, it was discovered that miRNA is highly stable outside the cell in the form of microvesicles, exosomes or apoptotic vesicles, which raises the possibility that miRNA may serve as a novel diagnostic marker for UC. In this review, we summarize the biosynthetic pathway and the function of miRNA, and summarize the usefulness of miRNA for diagnosis, monitoring and prognosis of UC. Then, we described four types of miRNAs involved in regulating the mechanisms of UC occurrence and development: 1) miRNAs are involved in regulating immune cells; 2) affect the intestinal epithelial cells barrier; 3) regulate the homeostasis between gut microbiota and the host; and 4) participate in the formation of tumor in UC. Altogether, we aim to emphasize the close relationship between miRNA and UC as well as to propose that the field has value for developing potential biomarkers as well as therapeutic targets for UC.
Keywords: ulcerative colitis, microRNA, colitis-associated cancer, inflammatory bowel diseases, gut microbiota
INTRODUCTION
Ulcerative colitis (UC) is one of two main inflammatory bowel diseases (IBD), which is a chronic nonspecific inflammation, mainly manifested as long-term inflammation and ulcer of the rectum and colon. The inflammation caused by UC is usually confined to the mucosa and submucosa, and is usually distributed continuously from the rectum to the proximal colon (Rubin et al., 2019). The course of UC is intermittent, with active and inactive periods appearing alternately. Patients in the active stage usually suffer from abdominal pain, diarrhea, bloody stools and weight loss. It is believed that UC is caused by a complex interaction among environmental factors, genetic susceptibility, altered gut microbiota, and immune disorders. UC often recurs, which may lead to intestinal perforation, toxic megacolon, colorectal cancer (CRC) and other complications (Du and Ha, 2020). UC is incurable. At present, treatment is used to achieve clinical symptom relief, mucosal healing and histological relief (Hindryckx et al., 2015; Ng et al., 2017; Ungaro et al., 2017). At present, the diagnosis of UC is through endoscopic examination combined with clinical symptoms, histological analysis, laboratory examination and imaging research (Kobayashi et al., 2020). However, 15–30% of IBD patients can’t be diagnosed with UC or Crohn’s disease (CD), which is called uncertain colitis (Ballard and M'Koma, 2015), which has a negative impact on the future treatment of patients (Soubières and Poullis, 2016). With the increasing incidence and prevalence rate of UC, it has become a global medical burden (Ng et al., 2017). It has become an urgent clinical demand to seek more effective clinical diagnosis, monitoring and treatment of UC.
MicroRNA (miRNA) is a single-stranded non-coding RNA of 17–25 nucleotides (nts), which is a kind of small RNA and highly conserved in different organisms. miRNA participates in regulating various physiological processes, such as cell growth, differentiation, apoptosis and carcinogenesis, including DNA double-strand breaks (DSBs) (Chowdhury et al., 2013; Hu et al., 2017). Unlike small interfering RNAs (siRNA) and Piwi-associated RNAs (piRNA) (Table 1), piRNA is currently found to be associated with the development of human germ cells, but no piRNA has been found to exist in somatic cells (Slack and Chinnaiyan, 2019; Chen et al., 2021). The action patterns of miRNA and siRNA in the human body are similar, but the difference is that miRNA is mostly endogenous RNA while siRNA is mostly exogenous (Senapati et al., 2019). More than 60% of human protein-coding genes contain at least one conserved miRNA binding site (Lam et al., 2015). miRNA has been found to have significant relevance to a variety of diseases, including UC. In this paper, the physiological synthesis and function of miRNAs were reviewed, and the differential expression of miRNAs in UC was summarized. miRNA as a biomarker for UC was discussed. Finally, the action mechanisms of miRNA were discussed, which involved intestinal immune disorder, barrier dysfunction, intestinal flora imbalance and UC canceration.
TABLE 1 | Comparison of different small RNAs.
[image: Table 1]OVERVIEW OF MIRNAS
miRNA was first discovered and reported in 1993 (Lee et al., 1993), and found in introns, exons or regulatory sequences of the genome, mainly located in the intergenic regions (Galatenko et al., 2018). It exists in various forms, such as single copy, multiple copies or gene clusters (Cantini et al., 2019). More than 2,500 miRNAs have been found in the human genome (Alles et al., 2019). miRNA participates in almost all biological processes in eukaryotic cells (Friedman et al., 2009) and stably exists in almost all body fluids through extracellular vesicles, thus playing a remote regulatory role (Schaefer et al., 2015; Glinge et al., 2017; Yang et al., 2017; Fredsøe et al., 2019; Zamanillo et al., 2019).
In the canonical biogenesis pathway of miRNAs (Figure 1), RNA polymerase II or III transcribes the miRNA gene into the primary transcript pri-miRNA. Then, DGCR8, an RNA-binding protein, binds to Drosha (a type of RNase III) to form the larger Drosha-DGCR8 complex, the microprocessor (Ameres and Zamore, 2013; Kwon et al., 2016). It is a heterotrimeric complex containing one Drosha and two DGCR8 proteins (Nguyen et al., 2015). The Drosha-DGCR8 complex cleaves the pri-miRNA into the intermediate pre-miRNA (Rawat et al., 2019). In this complex, Drosha acts as the catalytic subunit and determines the cleavage site (Ha and Kim, 2014; Nguyen et al., 2015), and DGCR8 stabilizes Drosha through protein-protein interactions, increasing the affinity of Drosha for the substrate and the accuracy of the cleavage site (Han et al., 2009; Ameres and Zamore, 2013; Ha and Kim, 2014; Quick-Cleveland et al., 2014; Nguyen et al., 2015; Rawat et al., 2019). After exportin-5 (XPO-5) and GTP-binding protein (Ran-GTP) form a complex, pre-miRNA is transported to cytoplasm by the complex (Yamazawa et al., 2018). In the cytoplasm, after binding of Dicer and transactivating response RNA binding protein (TRBP), the pre-miRNA is cut into mature double-stranded miRNA of 17–25 nts (Fareh et al., 2016; Takahashi et al., 2018). Then, through loading and strand selection, mature single-stranded miRNA was transferred into Argonaute (AGO) protein by the Dicer-TRBP complex to form an RNA-induced silence complex (RISC). In the past several years, non-canonical biogenesis pathways of miRNAs such as the mirtron (Kim et al., 2016) synthesis pathway continue to be discovered, but most pathways still require Dicer enzymes. The mirtron pathway is the first non-classical pathway discovered. This pathway does not require the Drosha/Dgcr8 complex to generate pre-miRNA, but still requires the transport of XPO-5 and the cleavage of Dicer enzyme (Figure 1) (Abdelfattah et al., 2014; Stavast and Erkeland, 2019).
[image: Figure 1]FIGURE 1 | Biogenesis pathway of miRNAs. In the canonical biogenesis pathway of miRNAs. After the miRNA gene is transcribed by RNA polymerase II or III into pri-miRNA, it is sheared by a microprocessor consisting of Drosha and DGCR8 into a pre-miRNA of about 70–100 nucleotides (Rawat et al., 2019). The pre-miRNA is then transported to the cytoplasm by XPO-5 (Yamazawa et al., 2018) and sheared to miRNA duplex by the Dicer-TRBP complex (Fareh et al., 2016; Takahashi et al., 2018). Dicer-TRBP complex binds to AGO1-4 and dissociates after transferring the mature miRNA duplex into AGO1-4 to form RISC. RISC recognizes and binds to target genes by the second to eighth nucleotide counted from 5′-end of the miRNAs (Meijer et al., 2014; Gebert and MacRae, 2019), which is degraded or suppressed the target gene based on the extent of sequence complementarity. Target genes are degraded when completely matched, while inhibited when incompletely matched. During RISC loading, one of the mature miRNAs (the “guide strand”) is retained and forms RISC, while the other is degraded (the “passenger strand”) (Matsuyama and Suzuki, 2019). The non-canonical pathway, mirtron, does not require Drosha. introns are spliced and debranched by the lariat debranching enzyme (Ldbr) to produce pre-miRNA. Similar to the canonical miRNA pathway, this pre-miRNA is transported outside the nucleus via XPO-5. And the mirtron pathway merges with the canonical pathway during this transport stage (Abdelfattah et al., 2014; Stavast and Erkeland, 2019).
RISC recognizes and binds to target genes via the seed region (second to eighth nucleotide counted from 5′-end) of miRNA. The canonical pathway of miRNAs mechanism is to recognize target genes by targeting the 3′Untranslated Region (3′-UTR) of mRNA (Kim et al., 2017; Gruszka and Zakrzewska, 2018; Perconti et al., 2019), which is suppressed or degraded based on the extent of sequence complementarity between the target gene and miRNAs (Bartel, 2004). In addition, some studies have reported that a few miRNAs regulate the transcription of target genes through non-canonical pathways. For example, some miRNAs can target the 5′Untranslated Region (5′-UTR) (Kalantari et al., 2017), coding sequences (CDS) (Tang et al., 2017), promoter regions (Matsui et al., 2013), and pri-miRNAs (Tang et al., 2012). miRNAs are widely present in a variety of organisms, including animals, plants and viruses, and most miRNA sequences are highly conserved across organisms and usually have similar functions (Fromm et al., 2015; Bartel, 2018). Of the more than 500 canonical miRNA genes identified in human genome, 296 are conserved among placental mammals (Bartel, 2018). However, for the hundreds of other human miRNAs that are not conserved for mammals, they can not be studied using mouse models. And for miRNAs that are conserved for mice, the mechanisms still need to be validated in human cells (Bartel, 2018).
High-throughput microarray analysis is mainly used to measure changes in miRNA expression profiles, and reverse transcriptase quantitative real-time polymerase chain reaction (RT-qPCR) is used to verify the results of miRNA expression in screening experiments, and to determine the changes of miRNA expression in specific groups. miRNA is abnormally expressed in many diseases including UC, and has been proved to be involved in regulating the immune response of UC and the occurrence and development of colon tumors. Recent studies have also found that miRNA participates in the mutual regulation between host and intestinal flora (Aguilar et al., 2019; Dong et al., 2019; Zhao et al., 2021). These studies of miRNA have provided new insights into the molecular mechanism of UC.
MIRNAS ARE INVOLVED IN REGULATING THE PATHOGENESIS OF ULCERATIVE COLITIS
miRNAs Are Involved in Regulating Immune Cells
Generally, tissues derived from similar anatomical locations in healthy individuals showed no significant differences in the expression of miRNAs (Landgraf et al., 2007; Liang et al., 2007; Martínez et al., 2017). However, the expression of miRNAs appears significantly dysregulated would lead to activation or inhibition of signaling pathways and result in disease (Pallante et al., 2014; Bracken et al., 2016; Hwang et al., 2018). Dysregulation of miRNAs is strongly associated with UC development (Table 2). miRNAs are crucial regulators of intestinal immunity and are involved in the innate and adaptive immune. Thus, they respond to inflammation, and influence the maturation, differentiation, and infiltration of immune cells (Figure 2). miR-141–3p and let-7b/c/f/g-5p are significantly up-regulated in colon intestinal epithelial cells (IECs) of UC mice models and may affect inflammatory cell infiltration by targeting the chemokines CXCL9 or CXCL16 (Lee et al., 2015). miR-223 is significantly up-regulated in patients with active UC and is a potential biomarker closely related to disease activity (see section miRNAs as Biomarkers for Diagnosis, Monitoring and Prognosis of Ulcerative Colitis). However, it is reported that miR-223 has an anti-inflammatory role in UC. Myeloid-derived miR-223 reduces IL-1β release via repressing Nlrp3 inflammasome to attenuate experimental colitis (Neudecker et al., 2017). Intestinal macrophages and dendritic cells (DCs) lacking miR-223 exhibit a pro-inflammatory phenotype, and monocytes deficiency of miR-223 promotes an increase in monocyte-derived DCs, resulting in more severe colitis (Zhou et al., 2015). Besides, a high-fat diet promotes the release of exosomes with pro-inflammatory factors (e.g., miR-155) from visceral adipose into the intestine to promote macrophage M1 polarization and aggravate colitis (Wei et al., 2020). Erobic exercise can significantly reduce the expression of miR-155 and miR-146a, and increase miR-126 expression in mouse vascular tissue (Wu et al., 2014). In addition, pro-inflammatory miRNAs, such as miR-23a and miR-155, can be released by activated tissue-infiltrating neutrophils via microparticles (Butin-Israeli et al., 2019). miR-23a and miR-155 can promote the accumulation of DNA double-strand breaks (DSBs) in IECs by downregulating nuclear envelope protein Lamin-B1 and RAD51 (a key homologous recombination regulator), leading to genomic instability and ultimately tumorigenesis (Butin-Israeli et al., 2019).
TABLE 2 | Differentially expressed miRNAs and its targets in UC.
[image: Table 2][image: Figure 2]FIGURE 2 | miRNAs are involved in the occurrence and development of UC. miRNAs regulate the generation, differentiation, and function of multiple immune cells (e.g., macrophages, DCs, T-cell) (Murugaiyan et al., 2015; Zhou et al., 2015; Liu et al., 2016a; Wang et al., 2016a; Hou et al., 2017; Neudecker et al., 2017; Xu et al., 2017; Li et al., 2018; Wei et al., 2020). miRNAs also affect the physical barrier of intestinal tract by regulating IEC's tight junctions and apoptosis (Bian et al., 2011; Van der Goten et al., 2014; Zhang et al., 2015; Wang et al., 2016b; He et al., 2017). In addition, miRNAs are secreted by IECs into the intestinal lumen through exosomes and regulate the bacterial growth (Liu et al., 2016b).
In adaptive immunity, miRNAs regulate the differentiation and function of regulatory T-cell (Treg), T helper 17 cell (Th17), cluster of differentiation eight positive (CD8+) T-cell and CD8+ B-cell (Xu and Zhang, 2016; Yang et al., 2016). miR-155 could induce Th17 differentiation via targeting Jarid2 (Xu et al., 2017) and is essential for the generation and function of T follicular helper cells (Tfh) (Liu et al., 2016a). Macrophages lacking miR-155 are polarized to the M2 phenotype, attenuating intestinal immune cell proliferation, and inhibiting cluster of differentiation four positive (CD4+) T-cell polarization to Th1 and Th17 (Hou et al., 2017; Li et al., 2018). miR-21 also promotes Th2 cell differentiation and is involved in Th2-type inflammation development (Murugaiyan et al., 2015; Wang et al., 2016a).
The above studies indicated that the regulation of miRNAs to suppress inflammation is an effective way to treat UC. It should be noted that since a single miRNA can regulate hundreds of target genes, the effect of anti-inflammatory miRNAs is a combined result presented after acting on various immune cells, rather than on a certain type of immune cells. The therapeutic use of miRNAs mainly includes both inhibition of pro-inflammatory miRNAs and overexpression of anti-inflammatory miRNAs. Viral vectors, lipids, polymers, inorganic and extracellular vesicles are usually used to deliver therapeutic miRNAs (Dasgupta and Chatterjee, 2021). However, due to the wide regulation of miRNA (Lewis et al., 2003; Broughton and Pasquinelli, 2016), how to reduce the regulation unrelated to the therapeutic purpose is the main problem at present.
miRNAs Affect the IEC’s Barrier
miRNAs are key regulators of the IEC's barrier, regulating the growth and apoptosis of IECs, as well as the tight junctions between IECs (Figure 2). IEC's barrier is the foremost component of the intestinal mucosal barrier, and the intestinal mucosal barrier enables epithelial cells to maintain immune tolerance to more than 10 trillion intestinal microorganisms (Kanneganti, 2017). When the intestinal mucosal barrier is disrupted, intestinal microbes invade the IECs, triggering intestinal inflammation (Jostins et al., 2012). miR-223 is induced by the IL23/Th17 pathway and disrupts the tight junctions between IECs via targeting Claudin-8 (Wang et al., 2016b). miR-21 may also regulate IEC's permeability but by promoting protein kinase B (AKT) phosphorylation and inhibiting PTEN expression through the PTEN/PI3K/AKT signaling pathway. And the knockout of miR-21 reduces intestinal permeability (Zhang et al., 2015). miR-301a is up-regulated in IECs of active IBD patients. It decreases the expression of cadherin-1 and increases cell permeability to disrupt intestinal barrier function and promotes inflammation and tumorigenesis via targeting BTG anti-proliferation factor 1 (BTG1) (He et al., 2017).
In IBD, the miR-200 family may maintain the integrity of IECs and inhibit intestinal fibrosis by inhibiting epithelial-mesenchymal transition (EMT) (Zidar et al., 2016). miR-200b-3p is significantly up-regulated in cancerous epithelial cells and dysplastic tissues of UC patients, which indicates that miR-200b-3p may be involved in the carcinogenesis of UC (Lewis et al., 2017). miR-200c-3p is down-regulated in the mucosa of UC patients in the active stage, the inhibition of its target IL-8 and cadherin-11 (related to the barrier function of IEC) subsequently decreased (Van der Goten et al., 2014). miR-150 is up-regulated in the mucosa of UC patients, and inhibits the expression of target transcription factor c-Myb, resulting in a decrease in the expression of Bcl-2. This pattern suggests that miR-150 may disrupt epithelial barrier function through an apoptotic mechanism (Bian et al., 2011). But miR-150 can also induce apoptosis and inhibit tumor cell migration and invasion, which correlates with CRC patient prognosis (Ma et al., 2012).
In general, miRNA plays a key role in maintaining the function of intestinal tissue barriers. miRNA can enhance the tight junctions between IECs and reduce their permeability, and is related to apoptosis. miRNA not only can be used as potential therapeutic targets for UC, but also has a good applications prospect in maintaining the stability of the intestinal barriers in healthy individuals.
miRNAs Regulate the Homeostasis Between Gut Microbiota and the Host
Recent studies have reported that miRNAs are involved in the cross-regulation between gut microbiota and host (Figure 2). Intestinal microflora is an important part of the gut microenvironment. UC is usually associated with the proliferation of pathogenic intestinal bacteria (such as Escherichia coli, Salmonella and Clostridium difficile) (Mead et al., 1999).
The expression of some miRNAs in B-cell can be promoted by short-chain fatty acids (a metabolite of intestinal microorganisms). These miRNAs inhibit Aicda and Prdm1 in B-cell, and thus regulate the differentiation of B-cell (Sanchez et al., 2020). Seth and his colleagues found that nitric oxide produced by gut microbes in Caenorhabditis elegans can cause S-nitrosylation modification of AGO, a key protein of the miRNA pathway, thereby inhibiting miRNA activity and affecting C. elegans development (Seth et al., 2019). Moreover, nitric oxide can modify the S-nitrosylation of AGO proteins in mammals (Seth et al., 2019). In addition, the reduction of intestinal microbial community abundance in specific pathogen-free (SPF) mice mediated by broad-spectrum antibiotics promoted tumor lung metastasis through circRNA/miRNA networks, while tumor metastasis was effectively inhibited by transplantation of fecal bacteria into germ-free (GF) mice using SPF mice feces (Zhu et al., 2020a). Fusobacterium nucleatum inhibits the expression of miR-18a* and miR-4802 by activating the TLR4/MYD88 pathway. This reduces the inhibition of miR-18a* and miR-4802 on their target genes ATG7 and ULK1, resulting in activation of the autophagic pathway and alteration of CRC chemotherapy response (Yu et al., 2017).
Conversely, the host can regulate the development of intestinal microbes via miRNAs. Liu and his colleagues found that miRNAs are secreted into the intestinal lumen by IECs via extracellular vesicles and enter the microbes to target mRNAs and regulate microbial development (Liu et al., 2016b). And fecal miRNA from wild-type mice could alleviate dextran sulfate sodium (DSS)-induced colitis in miRNA-deficient mice (Liu et al., 2016b). Subsequently, Liu et al. found that fecal miR-30d targeted Akkermansia muciniphila and increased its abundance in the intestine by upregulating lactase expression (Liu et al., 2019a). Ji et al. screened fecal miRNAs that are differentially expressed in IBD, and found that four of these miRNAs (miR-199a-5p, miR-548ab, miR-1226 and miR-515–5p) could target and regulate the proliferation of Fusobacterium nucleatum, Escherichia coli and segmental filamentous bacteria (Ji et al., 2018). In addition, food-derived miRNAs can also regulate the development of gut microbiota. miRNAs from ginger exosomes reduce colitis by promoting the multiplication of Lactobacillus rhamnosus and the production of ligands for aryl hydrocarbon receptors (Teng et al., 2018).
miRNAs can also indirectly participate in the regulation of intestinal homeostasis by affecting the expression of intestinal immunoglobulins. Some immunoglobulins promote host-microbiota interactions by binding symbiotic bacteria, which are important for maintaining intestinal homeostasis (Pabst, 2012; Magri et al., 2017; Castro-Dopico et al., 2019). For example, immunoglobulin A (IgA) secretion-deficient mice and humans show increased susceptibility to inflammatory bowel disease, celiac disease and allergy. (Moon et al., 2015). The study showed that miR-221–5p could target polymeric immunoglobulin receptor (pIgR), which is closely related to the sustained supply of secretory IgA, reducing the intestinal secretory IgA level (Bruno et al., 2011; Zeng et al., 2021). Activation-induced cytidine deaminase (AID), a key enzyme of intestinal immune antibody, was targeted by miR-155. Inhibition of miR-155 leads to upregulation of AID and ameliorates the disruption of the intestinal immune barrier caused by IgA and IgM dysfunction (Fairfax et al., 2015; Zhang et al., 2018). Crk-like protein (CRKL) is found to be related to the regulation of B-cell and immunoglobulin G (IgG) levels. miR-29a targets and inhibits CRKL level, and regulates IgG expression through miR-29a/CRKL axis (Shi et al., 2020). In addition, miR-17–92 is reported to be necessary for the production of immunoglobulin G2c (IgG2c) isoforms in B-cell. The IgG generation of miR-17–92-deficient B-cell is significantly reduced in the intestine (Xu et al., 2015; Wu et al., 2018). Currently, we know little about the effects of miRNAs on immunoglobulins in UC, but how miRNAs participate in the interaction between these immunoglobulins and the gut microbiota will be a promising field.
These findings reveal the role of miRNAs in host-microbe interactions, and provide a new method to maintain gut ecological stability.
miRNAs Participate in the Formation of Tumor in Ulcerative Colitis
Patients with UC for more than 8 years have an increased risk of colitis-associated cancer (CAC) (Chen et al., 2016), and it is an urgent clinical need to prevent UC from developing into CRC. At present, it is believed that the sustained activation of carcinogenic signaling pathways, such as NF-κB, STAT3 (Li et al., 2017), and PI3K (Zhang et al., 2015), the release of pro-inflammatory mediators and the increase of local levels of reactive oxygen species and nitrogen substances, contribute to the development of CAC. Now it has been found that some miRNAs can regulate the carcinogenesis of UC (Figure 3). miR-301a promotes Th17 differentiation and decreases cadherin-1 expression to disrupt intestinal barrier function by targeting SNIP1 and BTG1. And knockout of miR-301a reduced inflammation and inhibited tumor occurrence (He et al., 2016; He et al., 2017).
[image: Figure 3]FIGURE 3 | Mechanism of miRNA involved in carcinogenesis of UC. In UC, chronic activation of carcinogenic pathways such as NF-κB and STAT3 leads to a higher risk of CAC. A variety of miRNAs can promote or inhibit the occurrence of cancer by targeting molecules in these pathways. Increasing the abundance of anti-oncogenic miRNAs and decreasing the abundance of oncogenic miRNAs can inhibit tumor formation and progression in experimental colitis. This provides a new therapeutic target for the preventing and treatng CAC.
NF-κB is an essential pathway that promotes tissues with inflammation to transform into cancer. Through molecules targeting this pathway, a variety of miRNAs can be involved in cancer formation. For example, miR-206 is up-regulated in the mucosa of UC patients, and promotes intestinal inflammation by targeting the adenosine A3 receptor (A3AR) to reduce the inhibition of NF-κB pathway (Wu et al., 2017a). miR-214 is highly expressed in the colonic tissues of active UC and CAC patients by STAT3 pathway. It activates the NF-κB pathway by targeting and inhibiting PDLIM2 and PTEN expression. miR-214 inhibitors significantly inhibit (>90%) NF-κB phosphorylation, thus reducing the severity of colitis and the number and size of tumors in mice (Polytarchou et al., 2015a).
miR-21 is significantly up-regulated in tissues of UC (Yan et al., 2020), CRC (Wu et al., 2017b) and CAC, activates the NF-κB, STAT3, and Bcl-2 by targeting PDCD4 (Figure 3). Then, it reduced the apoptosis of mouse tumor cells (Shi et al., 2016). Blocking miR-21 reduced pro-inflammatory and pro-cancer factors, and then decreased the number and size of colon tumors in mice (Shi et al., 2016).
miR-148a is down-regulated in the colon tissues of UC and CRC patients, and reduces the activation of NF-κB and STAT3 in macrophages of colon tissues by directly targeting upstream regulators of NF-κB and STAT3 pathway (including GP130, IKKα, IKKβ, IL1R1 and TNFR2). miR-148a-deficient mice are more susceptible to UC and CAC (Zhu et al., 2017).
miR-155 is up-regulated in a variety of malignant tumors including CRC, which promotes proliferation and metastasis of colon tumor cells, and is related to tumor location, tumor grade, metastasis and TNM stage (Qu et al., 2015). In CRC, miR-155 targets protein tyrosine phosphatase receptor J-type (PTPRJ) mRNA, inhibits the anti-proliferation effects of PTPRJ, promotes the proliferation and migration of tumor cells, and activates the AKT pathway (Zhang et al., 2017a). Al-Haidari et al. found that miR-155–5p upregulates the human antigen R (HuR) by targeting the AU-rich elements (AREs) in the 3′-UTR region of HuR mRNA, thus promoting the metastasis of colon cancer cells. The migration of colon cancer cells can be inhibited by blocking the binding of miR-155–5p and ARE in HuR (Al-Haidari et al., 2018).
These studies prove that miRNA is related to the degree of inflammation and canceration in UC. The pro-inflammatory miRNAs can promote the occurrence and development of cancer, whereas anti-inflammatory miRNAs can also resist cancer. miRNA is involved in the transformation of inflammation to cancer in epigenetics, and thus provides a potential therapeutic target for UC and CRC.
MIRNAS ARE SPECIFICALLY EXPRESSED IN ULCERATIVE COLITIS
miRNAs as Biomarkers for Diagnosis, Monitoring and Prognosis of Ulcerative Colitis
The early diagnosis of UC can provide more accurate drug treatment and prevent complications. At present, colonoscopy is the gold standard in the diagnosis of UC, supplemented by blood tests and biomarker analysis. However, colonoscopy is invasive, which brings considerable physical and economic burden to patients, accompanied by serious complications such as intestinal perforation and death (Hagel et al., 2012; Carmona et al., 2013; Adler et al., 2014; Borgaonkar et al., 2016; Niikura et al., 2016; Vatandoost et al., 2016). We summarized the promising miRNA biomarkers in UC (Table 3) and discussed the prospect of miRNA biomarkers in the diagnosis, surveillance, and prognosis of UC, as well as in the screening for CAC (Figure 4).
TABLE 3 | miRNAs levels of UC patients in different studies.
[image: Table 3][image: Figure 4]FIGURE 4 | miRNA biomarkers in UC. Blood, stool and tissue-based miRNA biomarkers might be used for the diagnosis, monitoring, prognosis of UC and the prediction of early stage CAC, as well as to guide clinical treatment and medication strategies. miRNA biomarkers could be of value in improving survival and cure rates in UC and CAC patients.
Tissue, blood and stool samples were mainly used in the study of miRNAs in UC. For example, plasma miR-21 and miR-92a are up-regulated in UC and could distinguish active UC (n = 37) from non-IBD (30 healthy individuals and 30 patients with irritable bowel syndrome (IBS)), with the specificity of 92 and 100%, respectively, and sensitivity of 88% (Ahmed Hassan et al., 2020). Among them, miR-21 level is positively correlated with histologically assessed disease severity, which is closely related to the development of inflammation. And miR-21 increases IEC permeability and promotes Th2-type inflammation (Murugaiyan et al., 2015; Wang et al., 2016a). Recent studies have shown that circulating miR-375 is significantly up-regulated in UC patients compared to healthy controls and CD patients, which is a potential biomarker for the diagnosis of UC (Schaefer et al., 2015). Further, it may be a potential early biomarker for CAC. Patel et al. reported the analysis of plasma miR-375 in UC patients (n = 37), UC patients with dysplasia (n = 2) and CAC patients (n = 6) (Patel et al., 2015). They found that plasma miR-375 in CAC patients was significantly up-regulated. Notably, miR-375 has low expression in colon tissues of UC and CRC patients, and participates in the regulation of epidermal growth factor receptor signal pathway by targeting the connective tissue growth factor (Alam et al., 2017). miR-375 affects the growth and invasion of colon cells, and overexpression of it can enhance apoptosis and necrosis (Alam et al., 2017; Garrido-Mesa et al., 2018).
High recurrence rate is still one of the main characteristics of UC, and the evaluation of patients' clinical symptoms has a great impact on treatment decision-making and nursing management. At present, the indicators used to monitor the activity of UC all have their own limitations, which makes the nursing care of patients with UC complicated (Tsilidis et al., 2008; Henderson et al., 2015; Mosli et al., 2015; D'Angelo et al., 2017; Fabian et al., 2019). Recently, miRNA in circulation and feces has become a potential non-invasive biomarker for monitoring disease activity of IBD patients, and it is significantly related to endoscopic activity. For example, miRNA-146a is down-regulated in UC patients, which is negatively correlated with Sutherland Disease Activity Index (DAI) score, clinical activity index and endoscopy index (Feng et al., 2020). The research showed that miRNA-146a could relieve colitis and CRC by targeting TRAF6, PTGES2, and TLR4/MyD88/NF-κB signaling pathways (Wang et al., 2019; Garo et al., 2021). Compared to healthy controls, the expression of serum miR-146b-5p in UC is up-regulated by 2.72 fold and significantly correlates with disease activity (Chen et al., 2019). This may be related to miR-146b promoting colonic mucosal repair. miR-146b can strongly inhibit the activation of M1 macrophages by suppressing the Toll-like receptor 4 (TLR4) signaling pathway, thus inhibiting the induction of pro-inflammatory cytokines. (Deng et al., 2019). In addition, miR-223 increased significantly in feces, tissue and serum samples of UC patients with the active stage (Wang et al., 2016c; Schönauen et al., 2018; Mohammadi et al., 2019; Verdier et al., 2020). And it is significantly up-regulated compared with non-inflammatory areas in colonoscopy biopsy of UC patients (Valmiki et al., 2017). Previous studies have shown that miR-223 helps to alleviate colonic inflammation in UC patients (Zhou et al., 2015; Neudecker et al., 2017). However, the studies of biomarkers show that the expression level of miR-223 is positively correlated with disease activity in UC patients. The sensitivity and specificity of fecal-derived miR-223 in distinguishing active IBD patients (fecal calprotectin >500 μg/g and active disease in colonoscopy, n = 30) from remission IBD patients (fecal calprotectin <100 μg/g and remission in colonoscopy, n = 15) was 80 and 93%, respectively (Schönauen et al., 2018). Wang et al. (2016c) analyzed serum samples from 50 UC patients, 50 CD patients and 50 healthy controls, and found that serum miR-223 level in UC patients was positively correlated with Mayo Endoscopic Score (MES), erythrocyte sedimentation rate (ESR), high-sensitivity C-reactive protein (hs-CRP) and Ulcerative Colitis Endoscopic Index of Severity (UCEIS). And miR-223 (r = 0.481) has a higher Spearman r value than ESR (r = 0.334) when correlated with UCEIS. Likewise, Polytarchou et al. (Polytarchou et al., 2015b) analyzed serum miR-223 levels in 21 healthy controls and 46 UC patients (22 in remission, 10 with moderately active disease and 14 with severe active disease) and found that miR-223 was positively correlated with MES and C-reactive protein (CRP). The Spearman r value of miR-223 (r = 0.44) is higher than that of CRP (r = 0.30) when it is related to MES. But miR-223 is highly expressed in platelets, and improper treatment during serum separation can lead to the introduction of miR-223 into platelets, thus these may affect the experimental results (De Guire et al., 2013).
Currently, some studies have reported the use of miRNA biomarkers for predicting response to treatment, disease recurrence, and the severity of disease over time or something else in UC. Although this area has not been adequately studied, it does represent a valuable direction. Malham et al. found that the expression level of miR-21 was significantly lower in pediatric UC patients than in adult UC patients, and was greater in male patients than in female patients in the adult group (Malham et al., 2021). Batra et al. screened for biomarkers associated with clinical response to anti-TNF-α therapy and glucocorticoid (GC) therapy in pediatric IBD patients and identified five serum miRNAs (miR-146a, miR-146b, miR-320a, miR-126, and let-7c), which expression correlated not only with disease mucosal biopsy but also with treatment response and are potential non-invasive biomarkers for clinical monitoring (Batra et al., 2020). It was found that miR-206 levels were elevated in UC and associated with inhibition of anti-inflammatory A3 adenosine receptor (A3AR) expression, and miR-206 expression was reduced in mesalazine-treated colon cells as well as in colon tissue from patients treated with mesalazine (Minacapelli et al., 2019). A prospective study was conducted by Kalla et al., which found that miR-3615 and miR-4792 in T-cell in the blood contributed to the prognosis of UC patients. When patients meet at least three criteria of the four biomarkers [relative miR-3615 expression <0.95, miR-4792 >2.26, albumin <39 g/dl and extensive colitis (logrank p = 6.93 × 107)], there was a 90% probability that the patient would require treatment escalation within one year (Kalla et al., 2020). Luo et al. reported that six miRNAs were significantly down-regulated in the serum of GCs-resistant UC patients and these could be used to identify GCs-resistant UC patients. In particular, miR-224–5p is a strong predictor with an area under the curve (AUC) = 0.99, specificity = 97.30%, and sensitivity = 89.70% (Luo et al., 2018). Similarly, Morilla et al. used a panel of miRNA biomarkers (has-miR-3934, hsa-miR-100, hsa-miR-718, hsa-miR-193b, hsa-miR-3150a-5p, hsa-miR-1260b, hsa-miR-938, has-miR-518b, and hsa-miR-1468) to distinguish steroid-resistant acute severe ulcerative colitis (ASUC) patients with high accuracy (AUC = 0.87) (Morilla et al., 2019). Jabandziev et al. analyzed miRNA expression in colonic tissue of 60 pediatric UC patients and found four panels of miRNAs, which were used to distinguish pediatric UC patients from healthy controls (let-7i-5p, miR-223–3p and miR-4284, AUC = 0.99), to detect severity in pediatric UC patients (miR-375–3p, miR-146a-5p, miR-223–3p and miR-200b-3p, ACU = 0.73), to detect disease relapse within one year of treatment (miR-21–5p, miR-192–5p and miR-194–5p, AUC = 0.73) and to diagnose UC patients with primary sclerosing cholangitis (miR-142–3p, miR-146a-5p, miR-223–3p, let-7i-5p, miR-192–5p and miR-194–5p, AUC = 0.858) (Jabandziev et al., 2021).
The above studies demonstrate that miRNAs are promising potential biomarkers of UC. The quantitative detection of miRNA has high sensitivity and accuracy, and is related to the activity of UC. However, at present, most studies only detect the changing trend of miRNA expression, but do not quantitatively analyze miRNA. In future research, it is necessary to standardize the sample detection scheme, and detect the abundance of miRNA in UC, so as to determine the accurate expression range of potential miRNA biomarkers. In addition, at present, there are few studies on how the drugs commonly used in UC, the length of duration of the disease, the age of patients, and other factors affect miRNA expression, but this is indeed a promising field.
miRNAs as Biomarkers for the Diagnosis of Colitis-Associated Cancer
Investigations have shown that patients with long-term UC have an increased risk of tumor complications (Chen et al., 2016), while patients with CAC have a poor prognosis and higher mortality than patients with sporadic CRC (Dugum et al., 2017). In addition, the five-year survival rate for diagnosis at early stages of CRC is 90%, compared to 13% for stage IV (Bray et al., 2018). As important post-transcriptional regulators, some miRNAs are abnormally expressed in the carcinogenesis of UC (Table 4), which can be used for the diagnosis of early canceration.
TABLE 4 | miRNA levels of CAC or CRC patients in different studies.
[image: Table 4]miR-21, one of the most studied miRNA in UC, is up-regulated in blood (Ahmed Hassan et al., 2020), feces (Schönauen et al., 2018), and colonic tissues (Yan et al., 2020) of UC patients and promotes the development of intestinal inflammation (Murugaiyan et al., 2015; Wang et al., 2016a). miR-21 can activate NF-κB, STAT3 and bcl-2 signaling pathways by targeting PDCD4, thus reducing apoptosis in tumor cells (Figure 3). Compared to the expression in UC patients, miR-21 further increased in CRC (Wu et al., 2017b; Choi et al., 2019; Ahmed Hassan et al., 2020) where it regulated the physiological function of tumor cells (Wu et al., 2017b). Therefore, detection of miR-21 level might be an effective method to assess the risk of carcinogenesis in patients with UC. A meta-analysis confirmed that miR-21 is the most reliable potential fecal-based miRNA biomarker of CRC, with an AUC of 0.843, sensitivity of 59.3% and specificity of 85.6% (Yau et al., 2019). Ahmed Hassan et al. (Ahmed Hassan et al., 2020) measured plasma miR-21 expression in 37 patients with active UC, 33 with CRC, and 30 with IBS as well as 30 healthy controls. The results showed that the sensitivity and specificity of distinguishing UC from IBS and healthy controls were 87.5 and 91.7% (AUC = 0.844). The sensitivity and specificity of miR-21 in distinguishing CRC from UC were 93.5 and 100%, respectively. In addition, miR-26b is up-regulated in the progression of UC to CAC and down-regulated in sporadic CRC, thus distinguishing CAC from UC and sporadic CRC (Benderska et al., 2015). Furthermore, research has shown that miR-26b inhibits tumor cell proliferation and invasion, and induces apoptosis of tumor cells. Compared with paired primary CRC tissues, the expression level of miR-26b was almost 4-fold higher in lung metastases, which may be associated with lung metastasis (Cristóbal et al., 2015).
Detection of miRNA methylation, rather than expression, is another accurate diagnostic method for CAC. Methylation changes the stability and specific recognition of miRNA (Konno et al., 2019), and the methylation level is related to the age and course of UC patients (Toiyama et al., 2017). miRNA methylation in UC patients with dysplasia or CRC increased significantly (Toiyama et al., 2017). Toiyama et al. accurately diagnosed UC patients with dysplasia and CRC by detecting a panel of methylated miRNA (evaluation cohort AUC = 0.81; validation cohort AUC = 0.78) (Toiyama et al., 2017).
Compared with the traditional blood-based biomarkers (CEA or CA 19–9), miRNA expression has been found to significantly different in every stage of CRC and has a higher diagnostic value for early diagnosis, disease monitoring and prognosis of CRC (Inoue et al., 2017; Liu et al., 2018a; El-Daly et al., 2019; Baassiri et al., 2020).
DISCUSSION
Currently, miRNA, as a biomarker of UC, has the advantage of early diagnosis and better correlation with disease activity (Wang et al., 2016c; Schönauen et al., 2018). However, because miRNA disorders involve many diseases, how to ensure miRNA biomarkers in UC are not interfered by other diseases or therapies is a challenge in the future (Kalla et al., 2015). In future studies of miRNA in UC, it is necessary to study the role of miRNA in specific tissues and cell types (Whiteoak et al., 2015). In addition, some immunoglobulins, such as sIgA and IgG, are not only important molecules of the intestinal mucosal immune barrier, but also the main effective antibodies of the humoral immune response, which play an important role in the pathological mechanism of UC. Castro-Dopico et al. reported that IgG drives intestinal inflammation and Th17-related immunity in the mucosal immune hyperactivation caused by genetic variants of UC (Castro-Dopico et al., 2019). sIgA has been reported to bind intestinal microbes and regulate the composition of the intestinal microbiota (Okai et al., 2016). As post-transcriptional regulators, the interaction between miRNAs and immunoglobulins in intestinal immunity is also a field of interest in the future.
At present, miRNA biomarkers in UC are mainly studied for clinical diagnosis and monitoring, however, miRNA biomarkers seem to have other values. Due to the broad regulatory effects of miRNA, it is associated with almost all clinical reactions, such as in predicting disease recurrence (Jabandziev et al., 2021), therapeutic escalation (Kalla et al., 2020), and response to drug therapy (Batra et al., 2020). Although this aspect is currently under-researched, they do represent a valuable direction of research. The current studies show that miR-21 seems to be the most promising potential miRNA biomarker for UC. miR-21 is up-regulated in blood, feces, and colonic tissues of UC patients and further increased in CRC (Wu et al., 2017b; Schönauen et al., 2018; Choi et al., 2019; Ahmed Hassan et al., 2020; Yan et al., 2020), which allows it to differentiate UC from non-IBD (healthy individuals and IBS) and also for the diagnosis of CAC. And the expression of miR-21 was correlated with the age and gender of UC patients (Malham et al., 2021). Moreover, fecal-derived miR-21 has no significant changes in CD, which increases the possibility that miR-21 may be used to distinguish UC from CD (Zhou et al., 2021). miR-223 has a higher correlation with disease activity than ESR and CRP, and is the most promising potential biomarker for monitoring disease activity in UC (Polytarchou et al., 2015b; Wang et al., 2016c). In addition, since most miRNA biomarkers are tested in small sample sizes, they must be verified in large-scale longitudinal studies before being applied to clinical practice. On the other hand, there is no uniform quantitative standard for the detection of miRNA, which is one of the reasons limiting the development of miRNA biomarkers. Especially for complex samples, such as feces, there is a need for more effective and standardized measurement method (Niu et al., 2019). Measuring exosomal-derived miRNAs in blood may reduce the interference of other components, but the technology and cost of isolating exosomes are also challenging issues (Vasconcelos et al., 2019). Detection of fecal exosomal-derived miRNAs may be a better approach. Fecal exosome-derived miRNAs have been proved to be secreted predominantly by IECs and Hopx-positive cells (Liu et al., 2016b), thus allowing a more accurate assessment of disease activity or mucosal healing in UC.
miRNA is regarded as a potential target for the treatment of UC. But one miRNA can regulate hundreds of proteins, then how to reduce the influence on non-target proteins is the main problem of miRNA-based treatment. At present, this problem is mainly solved by improving drug carriers or finding more specific targets. It was found that plant-derived exosomes can be preferentially absorbed by specific intestinal microorganisms (Teng et al., 2018). Gut microbiota dysbiosis contributes to the pathogenesis of UC, and targeted inhibition of specific pathogenic bacteria using exosomal-derived miRNAs may be a novel approach to reduce off-target effects. Of course, local medication may be the most effective method to reduce systemic exposure. For example, Alicaforsen is currently in clinical trial stage, which is an oligonucleotide therapeutic drug, targeting mRNA and then inhibits the generation of protein. A phase IV clinical trial showed that it is equivalent to mesalazine enema (Miner et al., 2004; Miner et al., 2006a; Miner et al., 2006b). On the whole, although there are still some problems to be solved, miRNA is a promising target in the treatment and diagnosis of UC.
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Numerous pieces of evidence have identified that the NLRP3 inflammasome plays a pivotal role in the development and pathogenesis of colitis. Targeting the NLRP3 inflammasome represents a potential therapeutic treatment. Our previous studies have suggested that acetylation of NLRP3 is indispensable to NLRP3 inflammasome activation, and some acetyltransferase inhibitors could suppress the NLRP3 inflammasome activation. Here, we identified that C646, an inhibitor of histone acetyltransferase p300, exerts anti-inflammatory effects in DSS-induced colitis mice by targeting the NLRP3 inflammasome. Mechanistically, C646 not only inhibits NF-κB activation, leading to the decreased expression of pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) and NLRP3, but also suppresses the NLRP3 inflammasome assembly by disrupting the interaction between NLRP3 and ASC. In addition, C646 attenuated the LPS-induced acute systemic inflammation model. Thus, our results demonstrate the ability of C646 to suppress the NLRP3 inflammasome activity and its potential application in the treatment of inflammatory bowel disease.
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INTRODUCTION
Inflammatory bowel diseases (IBDs), comprising ulcerative colitis (UC) and Crohn’s disease (CD), are chronic and complex disorders of the gastrointestinal tract that are characterized by uncontrolled intestinal inflammation and epithelial injury. However, a comprehensive understanding of the pathophysiological mechanisms of IBD is far less clear (Kaser et al., 2010). Recent studies have suggested that biological therapies inhibition cytokines promote inflammation (e.g., anti–tumor necrosis factor TNF antibodies) or modulation of lymphocyte trafficking are effective in many IBD patients, implying that targeting dysregulated immune responses may be a potential therapeutic treatment in the future (Kaser et al., 2010; Kobayashi et al., 2020; Roda et al., 2020).
The NLRP3 inflammasome, a multiple protein complex, has been observed to play a critical role in the development and pathogenesis of IBD (Tourkochristou et al., 2019; Zhen and Zhang, 2019). It consists of the nucleotide-binding domain, leucine-rich repeat, pyrin domain–containing protein 3 (NLRP3), the apoptosis-associated speck-like protein containing a CARD (ASC) and caspase-1 (Martinon et al., 2009; Swanson et al., 2019). NLRP3 can be activated by a broad range of microbial motifs, endogenous danger signals, and environmental irritants. Upon activation, NLRP3 recruits ASC and caspase-1, leading to the maturation and secretion of IL-1β and IL-18, as well as gasdermin D–mediated pyroptotic cell death. It is well known that NLRP3 inflammasome activation is a two-step process, namely, priming and activation. Pathogen-associated molecule patterns (PAMPs), such as LPS, lead to the nuclear factor–κB (NF-κB) activation and increase the expression of NLRP3 and IL-1β, which is called the priming step. Following the priming step, diverse stimuli, such as ATP or nigericin, induce the assembly of the NLRP3 inflammasome and full activation. Recent studies have illustrated that excessive NLRP3 inflammasome–induced IL-1β aggravates colitis, and the absence of NLRP3 inflammasome components has a protective role in the dextran sodium sulfate (DSS)-induced colitis model (Tourkochristou et al., 2019; Zhen and Zhang, 2019). In addition, pharmacological inhibition of NLRP3 inflammasome activation ameliorates intestinal inflammation in animal models, suggesting that the NLRP3 inflammasome is a candidate target for treatment of IBD (Bauer et al., 2010; Du et al., 2017; Zhao Y. et al., 2019; Mei et al., 2019).
Our previous study (Zhao et al., 2019a; Liu et al., 2020) and the Danica Chen group’s research study (He et al., 2020) have both uncovered that acetylation of NLRP3 is required for the full activation of the NLRP3 inflammasome and have further suggested that some acetyltransferase inhibitors may suppress the NLRP3 inflammasome activation. By searching for kinds of lysine acetyltransferase inhibitors, we recently showed that SI-2 hydrochloride (SI-2) could block NLRP3 inflammasome activation (Liu et al., 2020). During the process, we noticed that one compound named C646, an inhibitor of histone acetyltransferase p300, not only decreased IL-1β but also TNF-α secretion. Whether C646 exerts a protective function in the colitis model is an interesting question to further study. In this work, we will evaluate the effect of C646 on colonic inflammation and explore the underlying mechanisms.
MATERIALS AND METHODS
Reagents and Antibodies
Ultrapure lipopolysaccharide (LPS) (E. coli 0111:B4, cat. no. tlrl-3pelps), standard LPS (E. coli 0111:B4, cat. no. tlrl-eblps), ATP (cat. no. tlrl-atpl), nigericin (cat. no. tlrl-nig), and MSU (cat. no. tlrl-msu) were purchased from InvivoGen, lipofectamine 3,000 transfection reagent (cat. no. L3000015) was purchased from Thermo Fisher, C646 (S7152) was bought from Selleck Chemicals, mouse immunoglobin IgG protein (cat. no. ab198772) was purchased from Abcam, Protein A/G PLUS-Agarose (cat. no. sc-2003) was obtained from Santa Cruz, cell lysis buffer (CLB) (cat. no. 9803) was purchased from Cell Signaling Technology, and mouse IL-1β (cat. no. 88–7013), tumor necrosis factor-α (TNF-α) (cat. no. 88-7324), interleukin-6 (IL-6) (cat. no. 88-701364), and human IL-1β (cat. no. BMS22) ELISA kits were purchased from Thermo Fisher.
Anti–IL-1β (1:1,000, AF-401-NA; RRID:AB_416,684) was purchased from RD System, anti-NLRP3 (1:1,000, Cryo-2) and ASC (1:1,000, AL177) were purchased from Adipogen, anti–caspase-1 (1:1,000, ab179515), and anti-NEK7 (1:5,000, ab133514) were purchased from Abcam; Anti–β-actin (1:10,000, BH10D10), anti-p65 antibody (1:1,000, 8242), anti–p-p65 antibody (1:1,000, 3033), and GAPDH antibody (1:2,000, 5,174) were purchased from Cell Signaling Technology, and DyLight 488–labeled secondary antibody (1:50, A120-100D2) was purchased from InvivoGen.
Mice
Wild-type (WT) C57BL/6 male mice (6–10 weeks old, 20–24 g) were obtained from Hunan SJA Laboratory Animal Co., Ltd. (Changsha, China), and they were bred under SPF conditions. Studies were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of Central South University.
Cell Culture
Primary peritoneal macrophages from C57BL/6 mice were harvested using the following method. Mice that were 6–8 weeks old were injected intraperitoneally with 3 ml of sterile 3% thioglycolate broth to elicit peritoneal macrophages. After 72 h, cells were collected via peritoneal lavage with 10–15 ml of RPMI medium 1,640 (Gibco). After being resuspended, the cells were cultured in RPMI-1640 containing 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin at 37ºC in a humidified incubator with 5% CO2.
Inflammasome Activation
Mouse peritoneal macrophages were resuspended in 24-well (3–4 × [image: image]) or 6-well (2 × [image: image]) culture plates. To activate the inflammasome, macrophages were primed with LPS (100 ng/ml) for 3 h. Inflammasome stimulation was carried out as follows: 5 mM ATP, 10 μM nigericin for 1 h, and 200 μg/ml MSU for 6 h.
Quantitative PCR
Total RNA was extracted by using the RNA Fast 200 kit according to the manufacturer’s instructions (FASTAGEN). Complementary DNA was reverse transcription synthesized by using TransScript All-in-One First-Strand cDNA Synthesis SuperMix for RtPCR (TransGen) according to the manufacturer’s protocols. Quantitative PCR was performed using SYBR Green (Vazyme Biotech) on a LightCycler 480 (Roche Diagnostics), and data were standardized to β-actin expression. The 2−ΔΔCT method was used to calculate relative expression changes. Gene-specific primers were as follows: NLRP3 forward, 5′-TGG ATG GGTTTG CTG GGA T-3′, reverse, 5′-CTG CGT GTA GCG ACT GTT GAG-3′; IL-1β forward, 5′- GCA ACT GTT CCT GAA CTC AAC T-3′ reverse, 5′-ATC TTT TGG GGT CCG TCA ACT-3′; IL-6 forward, 5′- TAG TCC TTCCTA CCC CAA TTT CC-3′ reverse, 5′- TTG GTC CTT AGC CAC TCC TTC-3′; TNF-α forward, 5′- GAC GTG GAA CTG GCA GAA GAG-3′ reverse, 5′-TTG GTG GTT TGT GAG TGT GAG-3′; β-actin forward, 5′-AGT GTGACG TTG ACA TCC GT-3′; and β-actin reverse, 5′-GCA GCT CAG TAA CAGTCC GC-3′.
ASC Oligomerization
Primary peritoneal macrophage cells were treated with indicated stimuli. Next, the cells were lysed with Triton Buffer 50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, and 0.1 mM phenylmethylsulfonylfluoride (PMSF) for 10 min at 4°C. The cell lysates were centrifuged at 6000 g for 15 min at 4°C. After that, the supernatant was collected and resuspended in 200 μL Triton Buffer and 2 mM disuccinimidyl suberate (DSS). The complex was cross-linked for 30 min at 37°C. At last, cell pellets were washed twice. Samples were centrifuged, and the pellets were dissolved in sodium dodecyl sulphate (SDS) loading buffer for Western blotting.
ASC Speck Formation
Primary peritoneal macrophage cells were seeded on chamber slides overnight. On the next day, the cells were treated with indicated stimuli. Next, the cells were washed three times with PBS buffer, fixed in 4% paraformaldehyde (PFA) for 10 min, permeabilized with 0.1% Triton X-100 for 15 min, and blocked with PBS buffer containing 3% BSA. Cells were then stained with anti-ASC (1:200) at 4°C for 12 h and with DyLight 488–labeled secondary antibody (1:50) at room temperature for 60 min. Last, DAPI was used to stain nuclei. Cells and tissues were visualized using a fluorescence microscope (Nikon Ti2-U).
Immunoprecipitation and Western Blot
After stimulation, peritoneal macrophages were lysed in immunoprecipitation (IP) buffer containing 50 mM Tris HCl (pH 7.4), 50 mM EDTA, 200 mM NaCl, and 1% NP-40. Supplemented with a protease inhibitor cocktail, precleared cell lysates were then subjected to specific antibodies overnight and to protein G plus-agarose for 2 h and then washed four times with IP buffer. The immunoprecipitation complex was dissolved in sodium dodecyl sulphate (SDS) loading buffer for Western blotting.
For immunoblot analysis, cells were lysed with CLB supplemented with a protease inhibitor cocktail and PMSF, and then the cell lysates were centrifugated at 12,000 g for 5 min at 4°C. Equal amounts of extracts were separated by SDS-PAGE, and then they were transferred onto 0.22-mm PVDF membranes (Merck Millipore, ISEQ00010) for immunoblot analysis.
SDD-AGE
The oligomerization of NLRP3 Western blot was analyzed following published protocols (Hou et al., 2011; Jiang et al., 2017). Cells were lysed with Triton X-100 lysis buffer and then centrifuged at 12,000 g for 5 min at 4°C. Next, the lysis was resuspended in 5 × sample buffer (2.5 × TBE, 50% glycerol, 10% SDS, and 0.0025% bromophenol blue) and run onto vertical 1.5% agarose gel. After electrophoresis for 1 h at a constant voltage of 80 V at 4°C in the running buffer (1 × TBE and 0.1% SDS), the proteins were transferred onto 0.22-mm PVDF membranes for immunoblotting.
LPS-Induced Acute Systemic Inflammation
C57BL/6 mice were pretreated with or without C646 half an hour earlier. Next, they were injected intraperitoneally with LPS (20 mg/kg). After 8 h, the mice were terminated to collect the serum (Huang et al., 2020; Liu et al., 2020). The serum concentrations of IL-1β, TNF-α, and IL-6 were measured by ELISA, and the lungs were harvested.
DSS-Induced Colitis
For acute experimental colitis induction, C57BL/6 mice were treated with 3% DSS or saline in their drinking water for 10 days. During the experiment, body weight, stool, and body posture were monitored daily to assess the DAI (Cooper et al., 1993; Alex et al., 2009). The DAI is the combined score of weight loss compared with initial weight, stool consistency, and bleeding. The details are as follows: (a) weight loss (0 point = none, 1 point = 1–5% weight loss, 2 points = 5–10% weight loss, 3 points = 10–15% weight loss, and 4 points = more than 15% weight loss), (b) stool consistency or diarrhea (0 point = normal, 2 points = loose stools, and 4 points = watery diarrhea), and (c) bleeding (0 point = no bleeding, 2 points = slight bleeding, and 4 points = gross bleeding). Mice were euthanized at the indicated time points, and the colon was immediately collected for colon length measurement, colon explant culture, colon Western blot analysis, and histological analysis.
Colon Explant Culture
After removing the intestines from the mice, they were briefly washed with saline and then washed three times with cold RPMI-1,640 containing penicillin G (200 μg/ml) and streptomycin (200 μg/ml). The purpose is to wash away residual intestinal bacteria. Then they were incubated in supplemented culture medium containing penicillin G (200 μg/ml) and streptomycin (200 μg/ml). The medium was collected after incubation for 24 h at 37°C with 5% CO2, and the production of pro-inflammatory cytokines was determined by ELISA.
Colonic Immunoblot Analysis
The mouse intestines and SDS lysate were lysed according to the ratio of 10 mg:200 ul, followed by ultrasound and grinding, after which they were centrifuged at 12,000 g for 10 min, and the supernatant was aspirated. After protein quantitative analysis, extracts were boiled and dissolved in sodium dodecyl sulphate (SDS) loading buffer for Western blotting.
Histological Analysis
The mouse tissue was fixed in 4% PFA at 4°C for 24 h and sectioned after being embedded in paraffin. The sections were prepared and stained with H&E using standard procedures. The slides were inspected under a Nikon ECL IPSE Ci biological microscope, and images were captured using a Nikon DS-U3 color digital camera.
Statistical Analysis
All the results are expressed as the mean ± SD, and statistical analyses were performed using GraphPad Prism software 8.0. Statistical analysis was performed using the ANOVA with the Bonferroni test for the two groups test. p > 0.05 was not a significant statistical difference; p < 0.05 was considered statistically significant, with increasing levels of confidence displayed as **p < 0.05; ***p < 0.01; ****p < 0.0001.
RESULTS
C646 Protects Against DSS-Induced Colitis Murine Model
We previously (Liu et al., 2020) showed that C646 may suppress inflammation in vitro. To further study the effect of C646 on the treatment of colonic inflammation, the DSS-induced acute colitis murine model was adopted, which could destruct epithelial cells, increase the permeability of the colon, and trigger inflammation in the gut (Alex et al., 2009).
Mice received 3% DSS in their drinking water for 10 days, and C646 was given once a day by intraperitoneal injection from day 0 to day 9 (Figure 1A). The clinical assessments, including body weight, grossly bloody stools, and stool consistency, were recorded daily. As shown in Figure 1B, mice only administrated with DSS suffered a 20% weight loss, while for the group treated with 5 mg/kg or 10 mg/kg of C646, it improved the weight loss caused by DSS significantly. The disease activity index (DAI) is the summary of scores including weight loss, diarrhea, and gross bleeding, used to assess the severity of colitis. Similarly, C646 reduced the DAI in a dose-dependent manner (Figure 1C). Colon length is another indicator for monitoring the severity of colitis, and we found that C646-treated mice showed longer colon length than the control group (Figures 1D,E). To further evaluate the effect of C646 in colitis, histological examination of hematoxylin and eosin (H&E) staining was carried out. We observed severe mucosal damage, gland destruction, and infiltration of mononuclear cells in the colon specimens of DSS-fed mice. In contrast, C646-treated mice exhibited intact colonic architecture without mucosal damage and with less mononuclear cell infiltration (Figure 1F). Thus, our results demonstrated that C646 protects against DSS-induced colitis.
[image: Figure 1]FIGURE 1 | C646 ameliorates symptoms in the DSS-induced colitis mouse model. C57BL/6 mice were administrated with 3% DSS or water for 10 days. C646 (5 or 10 mg/kg) was given by intraperitoneal injection from day 0 to day 9. (A) Experimental design of the DSS-induced colitis mice model and C646 treatment. (B) Changes in the mice’s body weight were measured and presented as a percent of body weight change (n ≥ 4 per group). (C) DAI was calculated (n ≥ 4 per group). (D) and (E) Gross morphology of colons from C57BL/6 mice. The lengths of the colons were measured on day 9 (n ≥ 4). (F) H&E-stained images of colon sections fed with DSS and then treated with or without C646. Scale bar, 50 μm.
C646 Suppresses NLRP3 Inflammasome Activity in DSS-Induced Colitis Model
Numerous studies (Bauer et al., 2010; Tourkochristou et al., 2019; Zhen and Zhang, 2019) have suggested that the NLRP3 inflammasome is a potential target for the treatment of colitis. Then we examined whether C646 could inhibit NLRP3 inflammasome activity in the DSS-induced model. We detected the expression of NLRP3 inflammasome components and the secretion of IL-1β in colon tissue. We observed that C646 markedly reduced the expression of NLRP3 and the cleavage of caspase-1, the downstream event of inflammasome activation (Figure 2A). Consistently, IL-1β secretion from the C646-treated group was decreased in a dose-dependent manner (Figure 2B), and IL-6 also showed a similar pattern (Figure 2C). ASC speck formation was another hallmark of NLRP3 inflammasome activation, and we further detected the ASC speck by using disuccinimidyl suberate cross-linking (Fernandes-Alnemri et al., 2007; Davis et al., 2011). As anticipated, C646 reduced ASC speck formation in colon tissues (Figure 2D). Taken together, these data suggested that C646 inhibits NLRP3 inflammasome activation in the DSS-induced colitis model.
[image: Figure 2]FIGURE 2 | C646 suppresses NLRP3 inflammasome activity in the DSS-induced colitis model. (A) Immunoblot analysis of cleaved caspase 1 and NLRP3. Data were normalized to the expression of β-actin as reference. (B) and (C) Protein level of the cleaved IL-1β and IL-6 in colon homogenates was determined by ELISA. (D) Immunoblot analysis of ASC oligomerization in cross-linked cytosolic pellets of DSS-induced colitis treated with C646 or DMSO. The results of (B) and (C) were expressed as mean ± SD. Statistics were analyzed using one-way ANOVA and the Bonferroni test. **p < 0.05; ***p < 0.01; ****p < 0.0001.
C646 Inhibits NLRP3 Inflammasome at Both Priming and Assembly Steps
To further study the inhibiting effect of C646 on the NLRP3 inflammasome, we treated primary macrophages with C646 before or after LPS priming and then stimulated them with nigericin, an NLRP3 inflammasome agonist. We observed that the secretion of IL-1β, TNF-α, and IL-6 was decreased whenever treatment with C646 was carried out and so was cell death, evaluated by LDH release (Figures 3A–H), suggesting that C646 suppresses NLRP3 inflammasome activation at both priming and activation steps. We also noticed that C646 inhibited nigericin-induced NLRP3 activation in a dose-dependent manner and achieved the maximum suppressing effect at 8 μM.
[image: Figure 3]FIGURE 3 | C646 suppresses the NLRP3 inflammasome at the priming and assembly steps.(A–D) Mouse peritoneal macrophages were treated with C646 and then primed with LPS, followed by stimulation with nigericin. The supernatant (SN) was subjected to ELISA assay for IL-1β, IL-6, TNF-α, and LDH. (E–H) Mouse peritoneal macrophages were primed with LPS and then treated with C646, followed by stimulation with nigericin. The supernatant (SN) was subjected to ELISA assay for IL-1β, IL-6, TNF-α, and LDH. For (A) to (H), values are mean ± SD. Statistics were analyzed using one-way ANOVA and the Bonferroni test. **p < 0.05; ***p < 0.01; ****p < 0.0001.
To further confirm the results, ATP and MSU, another two kinds of NLRP3 inflammasome agonists, were used. C646 had a similar suppressing effect on ATP- or MSU-induced NLRP3 inflammasome activation, reflected by cytokine production and cell death (Figures 4A–H). In addition, the cleavage of caspase-1 and pro–IL-1β detected by the Western blot was shown to be decreased upon C646 treatment (Figures 4I,J). Thus, these data indicated that C646 inhibits NLRP3 inflammasome activation at both priming and activation steps.
[image: Figure 4]FIGURE 4 | C646 suppresses the NLRP3 inflammasome activated by different agonists. (A–H) ELISA assay for IL-1β, IL-6, TNF-α, and LDH in the supernatant of mouse peritoneal macrophages that were treated with C646 or DMSO upon stimulation of LPS + ATP or LPS + MSU. (I) and (J) Mouse peritoneal macrophages were primed with LPS and then treated with C646, followed by stimulation with ATP or MSU. The supernatant (SN) was subjected to Western blot analysis for the indicated protein levels. Data are representative of three independent experiments. For (A) to (H), values are mean ± SD. Statistics were analyzed using one-way ANOVA and the Bonferroni test. **p < 0.05; ***p < 0.01; ****p < 0.0001.
C646 Inhibits the Activation of the NF-κB Pathway
Next, we decided to explore whether the mRNA expressions of pro-inflammatory cytokines were impaired by C646 treatment. As expected, C646 significantly inhibited the mRNA levels of IL-1β, TNF-α, and IL-6, as well as NLRP3 (Figures 5A–D). Since NF-κB signaling dominantly contributed to the production of pro-inflammatory cytokines and NLRP3 (Bauernfeind et al., 2009), we detected this pathway and observed that C646 sharply decreased the phosphorylation of p65, a key event for NF-κB activation (Figure 5E). Consistently, the protein expression of NLRP3 and pro–IL-1β was also decreased upon C646 treatment (Figure 5E). Thus, these data suggested that C646 inhibits the NF-κB pathway activation, which is consistent with a previous study (Fang et al., 2019).
[image: Figure 5]FIGURE 5 | C646 inhibits the activation of the NF-κB signaling. (A–D) Quantitative PCR analysis of mRNA expression of TNF-α, IL-6, IL-1β, and NLRP3 in primary peritoneal macrophages treated with C646 and primed with LPS for the indicated hours. (E) Immunoblot analysis of p-p65, p65, NLRP3, and IL-1β in mouse peritoneal macrophages treated with C646 and then primed with LPS for the indicated hours. Values are mean ± SD. For (A) to (D), values were analyzed using two-way ANOVA and the Bonferroni test. *p < 0.05, **p < 0.01 and ***p < 0.001.
C646 Inhibits NLRP3 Inflammasome Activation by Disrupting the Association Between NLRP3 and ASC
To explore the underlying mechanism of C646 inhibiting the NLRP3 inflammasome at the activation step, we first checked ASC speck formation. We found that C646 treatment significantly attenuated the percentage of cells containing ASC specks in the ATP or nigericin stimulation groups via immunofluorescence (Figures 6A,B), and this was further demonstrated by the detection of ASC oligomerization using disuccinimidyl suberate cross-linking (Figure 6C). Thus, C646 inhibits the formation of ASC specks.
[image: Figure 6]FIGURE 6 | C646 inhibits NLRP3 inflammasome assembly. (A–B) Immunofluorescence microscopy analysis of primary macrophages treated with LPS–ATP or LPS–nigericin with or without C646 treatment. Representative images of ASC speck subcellular distribution (A) and quantification of ASC speck formation (B) by the number of cells with ASC specks. Scale bar, 10 μm. (C) Immunoblot analysis of ASC oligomerization in cross-linked cytosolic pellets of LPS-primed primary macrophages treated with C646 or DMSO and then stimulated with nigericin. (D) Immunoblot analysis of the interaction of NLRP3 and ASC in LPS-primed primary macrophages treated with C646 and then stimulated with nigericin. (E) Immunoblot analysis of the interaction of NEK7 and NLRP3 in LPS-primed primary macrophages treated with C646 and then stimulated with nigericin. (F) Immunoblot analysis of NLRP3 oligomerization using SDD-AGE or SDS-PAGE assays in LPS-primed primary macrophages treated with C646 and then stimulated with nigericin. (D) and (E) Data shown are representative of three independent experiments. Values are mean ± SD. Statistics of (B) were analyzed using two-way ANOVA and the Bonferroni test. **p < 0.05; ***p < 0.01; ****p < 0.0001.
Previous studies have suggested that interaction between NLRP3 and ASC is an upstream step for ASC speck formation. By using immunoprecipitation and immunoblotting assays, we found that C646 significantly inhibits the interaction between NLRP3 and ASC but not ASC and caspase-1 upon LPS + nigericin treatment (Figure 6D). Recent work has suggested that NEK7, a member of the mammalian NIMA-related kinases, is essential for the activation of the NLRP3 inflammasome by interacting with NLRP3 and promoting ASC oligomerization (Franklin et al., 2014; He et al., 2016; Schmid-Burgk et al., 2016). Therefore, we investigated the NLRP3–NEK7 interaction and observed that C646 barely affected the association between them (Figure 6E). Since oligomerized NLRP3 can recruit ASC (Swanson et al., 2019), we further explored whether C646 affects NLRP3 oligomerization, as the results showed that C646 had no effect on the oligomerization of NLRP3 (Figure 6F). Overall, our results indicated that C646 disrupts the interaction between NLRP3 and ASC and then leads to the impairment of NLRP3 inflammasome assembly.
C646 Ameliorates LPS-Induced Acute Systemic Inflammation in vivo
We further verified the function of C646 in another inflammation model by adopting LPS-induced acute systemic inflammation (Mariathasan et al., 2006). Mice were pretreated with C646 (10 or 20 mg/kg i. p.) or saline and then challenged with LPS (20 mg/kg). As shown, the C646-treatment group decreased IL-1β, IL-6, and TNF-α levels in serum in a dose-dependent manner (Figures 7A–C). Furthermore, C646 alleviated the endotoxemia-induced lung injury, as evaluated by histopathology (Figure 7D). Thus, C646 shows therapeutic effects on LPS-induced acute systemic inflammation.
[image: Figure 7]FIGURE 7 | C646 ameliorates LPS-induced acute systemic inflammation in vivo. C57BL/6 mice were given intraperitoneal (i.p.) injection of N.S or C646 (10 or 20 mg/kg) 30 min before i. p. injection of LPS (20 mg/kg) for 8 h (n = 3–5/group). ELISA of serum IL-1β (A), IL-6 (B), and TNF-α (C). Representative H&E images of lung sections (D) were collected. Scale bar, 100 μm. For (A) to (C), values were analyzed using one-way ANOVA and the Bonferroni test. **p < 0.05; ***p < 0.01; ****p < 0.0001.
DISCUSSION
In the present study, we have found that C646 plays an anti-inflammatory role in the DSS-induced colitis model by targeting the NLRP3 inflammasome. Mechanistically, C646 not only impairs NLRP3 and pro-inflammatory cytokine expression by affecting NF-κB activation at the priming step but also decreases NLRP3–ASC association, and then it inhibits the NLRP3 inflammasome assembly at the activation step. In addition, C646 ameliorates LPS-induced acute systemic inflammation. Thus, our study demonstrated that C646 could be a potential agent for the treatment of colitis.
C646, an inhibitor of histone acetyltransferase p300, was initially discovered by virtual ligand screening (Bowers et al., 2010). After that, the potential application of C646 was mostly evaluated in cancer biology (Oike et al., 2014; Wu et al., 2015; Ono et al., 2016; Liang et al., 2020). Numerous studies have found that C646 could induce apoptosis, arrest the cell cycle, and block the proliferation in cancer cells (Oike et al., 2014; Wu et al., 2015). Recent works have suggested an immunomodulatory role of C646 in antibacterial (Fang et al., 2019) and antiviral (Zhao et al., 2015) responses. Moreover, the application of C646 has been enhanced in inflammatory lung diseases. Based on our previous study (Zhao K. et al., 2019; Liu et al., 2020), we investigated the anti-inflammatory role of C646 in the DSS-induced colitis model. We found that C646 improved the weight loss, diarrhea, and gross bleeding induced by DSS. Moreover, the C646-treated group shows longer colon length and exhibits intact colonic architecture without mucosal damage and with less mononuclear cell infiltration in comparison to the control group, suggesting a protective role of C646 in the DSS-induced murine model. Then we explored whether C646 affects the NLRP3 inflammasome activation in colon tissues. We observed that DSS induced elevated expression of NLRP3 and cleavage of caspase-1, which were attenuated by C646 treatment in colon tissues. The following secretion of IL-1β and IL-6 was also decreased. Consistently, ASC speck formation, an NLRP3 inflammasome activation marker, was impaired upon C646 treatment, indicating that C646 inhibits NLRP3 inflammasome activation in the DSS-induced murine model. We further investigated the underlying mechanism of C646 on the NLRP3 inflammasome in primary macrophages. We found that C646 inhibits NLRP3 inflammasome activity in a dose-dependent manner, and this suppressing effect was achieved both at the priming step and the activation step when given C646 before or after LPS priming. Consistent with early studies (Atreya et al., 2008), our study also observed that C646 inhibits NF-κB–induced gene expression in primary macrophages, which could be explained by the role of p300 in the regulation of the NF-κB pathway. Moreover, we found that C646 inhibits NLRP3 inflammasome assembly by disrupting the association between NLRP3 and ASC but not NLRP3 and NEK7. Since oligomerized NLRP3 is required for recruiting ASC, we further investigated this process and observed that C646 has no effect on the oligomerization of NLRP3. We speculated that C646 may interact with NLRP3 or ASC or both of them and then block the association between them. This hypothesis may need the help of structural biology to be demonstrated, which still needs further investigation. In addition, we confirmed the anti-inflammatory function of C646 in another LPS-induced systemic inflammation model in vivo. Thus, C646 shows a robust suppressing effect on the NLRP3 inflammasome.
In colitis animal models, the NLRP3 inflammasome has been regarded to have both pathogenic and protective effects (Tourkochristou et al., 2019; Zhen and Zhang, 2019). The studies by Bauer et al. (Bauer et al., 2010; Bauer et al., 2012; Mak'Anyengo et al., 2018) showed that mice lacking NLRP3 exhibited attenuated colitis compared to control mice in both DSS- and TNBS (2,4,6-trinitrobenzene sulfonic acid)-induced models. In contrast, other studies (Castro-Dopico et al., 2019) have found that mice with NLRP3, ASC, or caspase-1 deficiency exhibited more severe experimental colitis and decreased intestinal epithelial integrity, suggesting a protective role of the NLRP3 inflammasome. Although the contradictory results in mice models exist, human data have shown that NLRP3 inflammasome activity is increased in UC and CD patients, and some studies even demonstrated that targeting NLRP3 activity, such as MCC950 (Bauer et al., 2010), flavonoid VI-16 (Zhao et al., 2019), carboxyamidotriazole (CAI) (Du et al., 2017), and PAP-1 (Mei et al., 2019), in IBD murine models displayed therapeutic effects. In this study, we have found that C646 suppresses NLRP3 inflammasome activity through impairing the NF-κB pathway at the priming step and inhibiting the assembly at the activation step. It is well known that the NF-κB pathway is crucial for the production of inflammatory cytokines, including IL-6 and TNF-α, both of which are important targets for the treatment of intestinal inflammation (Mao et al., 2018; Waljee et al., 2018). Considering that the use of curcumin (Gong et al., 2015; Iqbal et al., 2018; Wang et al., 2018), an agent inhibiting NLRP3 inflammasome and NF-κB activation, in UC patients was linked to clinical improvement and endoscopic remission, C646 may have potential in clinical studies for IBD treatment, but we still need more clinical data to test.
Overall, our study showed that C646 could ameliorate DSS-induced colitis, expanding the anti-inflammatory potential of this agent. Moreover, the suppressing effect on the NLRP3 inflammasome delineates a new insight into the immunomodulatory function of C646.
CONCLUSION
In summary, our study indicates the protective effect of C646 in DSS-induced colitis. This effect could be mediated by suppressing the activation of the NLRP3 inflammasome and the NF-κB signaling pathways. Our results demonstrated that C646 could be a candidate agent for IBD treatment.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee of Central South University. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
XX, JL, XL, YZ, XY, and XR performed the experiments; XX and JL analyzed the results; KZ and LT designed the research study; XX, KZ, and LT wrote the manuscript. KZ and LT supervised the whole project.
FUNDING
This work was supported by the National Natural Science Foundation of China (81801967), the Research Programs of Hunan Hygienism and Health Committee (202103031923), the Natural Science Foundation of Changsha Science and Technology Bureau (30156), and the Postgraduate Research and Innovation Project of Central South University (2021zzts1083).
ACKNOWLEDGMENTS
We thank Yening Zhang for helpful discussion.
REFERENCES
 Alex, P., Zachos, N. C., Nguyen, T., Gonzales, L., Chen, T.-E., Conklin, L. S., et al. (2009). Distinct Cytokine Patterns Identified from Multiplex Profiles of Murine DSS and TNBS-Induced Colitis. Inflamm. Bowel Dis. 15, 341–352. doi:10.1002/ibd.20753
 Atreya, I., Atreya, R., and Neurath, M. F. (2008). NF-κB in Inflammatory Bowel Disease. J. Intern. Med. 263, 591–596. doi:10.1111/j.1365-2796.2008.01953.x
 Bauer, C., Duewell, P., Lehr, H.-A., Endres, S., and Schnurr, M. (2012). Protective and Aggravating Effects of Nlrp3 Inflammasome Activation in IBD Models: Influence of Genetic and Environmental Factors. Dig. Dis. 30 (Suppl. 1), 82–90. doi:10.1159/000341681
 Bauer, C., Duewell, P., Mayer, C., Lehr, H. A., Fitzgerald, K. A., Dauer, M., et al. (2010). Colitis Induced in Mice with Dextran Sulfate Sodium (DSS) Is Mediated by the NLRP3 Inflammasome. Gut 59, 1192–1199. doi:10.1136/gut.2009.197822
 Bauernfeind, F. G., Horvath, G., Stutz, A., Alnemri, E. S., Macdonald, K., Speert, D., et al. (2009). Cutting Edge: NF-κB Activating Pattern Recognition and Cytokine Receptors License NLRP3 Inflammasome Activation by Regulating NLRP3 Expression. J. Immunol. 183, 787–791. doi:10.4049/jimmunol.0901363
 Bowers, E. M., Yan, G., Mukherjee, C., Orry, A., Wang, L., Holbert, M. A., et al. (2010). Virtual Ligand Screening of the P300/CBP Histone Acetyltransferase: Identification of a Selective Small Molecule Inhibitor. Chem. Biol. 17, 471–482. doi:10.1016/j.chembiol.2010.03.006
 Castro-Dopico, T., Dennison, T. W., Ferdinand, J. R., Mathews, R. J., Fleming, A., Clift, D., et al. (2019). Anti-commensal IgG Drives Intestinal Inflammation and Type 17 Immunity in Ulcerative Colitis. Immunity 50, 1099–1114 e10. doi:10.1016/j.immuni.2019.02.006
 Cooper, H. S., Murthy, S. N., Shah, R. S., and Sedergran, D. J. (1993). Clinicopathologic Study of Dextran Sulfate Sodium Experimental Murine Colitis. Lab. Invest. 69, 238–249.
 Davis, B. K., Wen, H., and Ting, J. P.-Y. (2011). The Inflammasome NLRs in Immunity, Inflammation, and Associated Diseases. Annu. Rev. Immunol. 29, 707–735. doi:10.1146/annurev-immunol-031210-101405
 Du, X., Chen, W., Wang, Y., Chen, C., Guo, L., Ju, R., et al. (2017). Therapeutic Efficacy of Carboxyamidotriazole on 2,4,6-trinitrobenzene Sulfonic Acid-Induced Colitis Model Is Associated with the Inhibition of NLRP3 Inflammasome and NF-κB Activation. Int. Immunopharmacol. 45, 16–25. doi:10.1016/j.intimp.2017.01.015
 Fang, F., Li, G., Jing, M., Xu, L., Li, Z., Li, M., et al. (2019). C646 Modulates Inflammatory Response and Antibacterial Activity of Macrophage. Int. Immunopharmacol. 74, 105736. doi:10.1016/j.intimp.2019.105736
 Fernandes-Alnemri, T., Wu, J., Yu, J.-W., Datta, P., Miller, B., Jankowski, W., et al. (2007). The Pyroptosome: a Supramolecular Assembly of ASC Dimers Mediating Inflammatory Cell Death via Caspase-1 Activation. Cell Death Differ 14, 1590–1604. doi:10.1038/sj.cdd.4402194
 Franklin, B. S., Bossaller, L., De Nardo, D., Ratter, J. M., Stutz, A., Engels, G., et al. (2014). The Adaptor ASC Has Extracellular and 'prionoid' Activities that Propagate Inflammation. Nat. Immunol. 15, 727–737. doi:10.1038/ni.2913
 Gong, Z., Zhou, J., Li, H., Gao, Y., Xu, C., Zhao, S., et al. (2015). Curcumin Suppresses NLRP3 Inflammasome Activation and Protects against LPS-Induced Septic Shock. Mol. Nutr. Food Res. 59, 2132–2142. doi:10.1002/mnfr.201500316
 He, M., Chiang, H.-H., Luo, H., Zheng, Z., Qiao, Q., Wang, L., et al. (2020). An Acetylation Switch of the NLRP3 Inflammasome Regulates Aging-Associated Chronic Inflammation and Insulin Resistance. Cel Metab. 31, 580–591. e585. doi:10.1016/j.cmet.2020.01.009
 He, Y., Zeng, M. Y., Yang, D., Motro, B., and Núñez, G. (2016). NEK7 Is an Essential Mediator of NLRP3 Activation Downstream of Potassium Efflux. Nature 530, 354–357. doi:10.1038/nature16959
 Hou, F., Sun, L., Zheng, H., Skaug, B., Jiang, Q.-X., and Chen, Z. J. (2011). MAVS Forms Functional Prion-like Aggregates to Activate and Propagate Antiviral Innate Immune Response. Cell 146, 448–461. doi:10.1016/j.cell.2011.06.041
 Huang, L., Luo, R., Li, J., Wang, D., Zhang, Y., Liu, L., et al. (2020). β-Catenin Promotes NLRP3 Inflammasome Activation via Increasing the Association between NLRP3 and ASC. Mol. Immunol. 121, 186–194. doi:10.1016/j.molimm.2020.02.017
 Iqbal, U., Anwar, H., and Quadri, A. A. (2018). Use of Curcumin in Achieving Clinical and Endoscopic Remission in Ulcerative Colitis: A Systematic Review and Meta-Analysis. Am. J. Med. Sci. 356, 350–356. doi:10.1016/j.amjms.2018.06.023
 Jiang, H., He, H., Chen, Y., Huang, W., Cheng, J., Ye, J., et al. (2017). Identification of a Selective and Direct NLRP3 Inhibitor to Treat Inflammatory Disorders. J. Exp. Med. 214, 3219–3238. doi:10.1084/jem.20171419
 Kaser, A., Zeissig, S., and Blumberg, R. S. (2010). Inflammatory Bowel Disease. Annu. Rev. Immunol. 28, 573–621. doi:10.1146/annurev-immunol-030409-101225
 Kobayashi, T., Siegmund, B., Le Berre, C., Wei, S. C., Ferrante, M., Shen, B., et al. (2020). Ulcerative Colitis. Nat. Rev. Dis. Primers 6, 74. doi:10.1038/s41572-020-0205-x
 Liang, X., Wang, X., He, Y., Wu, Y., Zhong, L., Liu, W., et al. (2020). Acetylation Dependent Functions of Rab22a-NeoF1 Fusion Protein in Osteosarcoma. Theranostics 10, 7747–7757. doi:10.7150/thno.46082
 Liu, L., Xu, X., Zhang, N., Zhang, Y., and Zhao, K. (2020). Acetylase Inhibitor SI-2 Is a Potent Anti-inflammatory Agent by Inhibiting NLRP3 Inflammasome Activation. Int. Immunopharmacol. 87, 106829. doi:10.1016/j.intimp.2020.106829
 Mak'anyengo, R., Duewell, P., Reichl, C., Hörth, C., Lehr, H. A., Fischer, S., et al. (2018). Nlrp3-dependent IL-1β Inhibits CD103+ Dendritic Cell Differentiation in the Gut. JCI Insight 3, e96322. doi:10.1172/jci.insight.96322
 Mao, L., Kitani, A., Strober, W., and Fuss, I. J. (2018). The Role of NLRP3 and IL-1β in the Pathogenesis of Inflammatory Bowel Disease. Front. Immunol. 9, 2566. doi:10.3389/fimmu.2018.02566
 Mariathasan, S., Weiss, D. S., Newton, K., Mcbride, J., O'rourke, K., Roose-Girma, M., et al. (2006). Cryopyrin Activates the Inflammasome in Response to Toxins and ATP. Nature 440, 228–232. doi:10.1038/nature04515
 Martinon, F., Mayor, A., and Tschopp, J. (2009). The Inflammasomes: Guardians of the Body. Annu. Rev. Immunol. 27, 229–265. doi:10.1146/annurev.immunol.021908.132715
 Mei, Y., Fang, C., Ding, S., Liu, X., Hu, J., Xu, J., et al. (2019). PAP-1 Ameliorates DSS-Induced Colitis with Involvement of NLRP3 Inflammasome Pathway. Int. Immunopharmacol. 75, 105776. doi:10.1016/j.intimp.2019.105776
 Oike, T., Komachi, M., Ogiwara, H., Amornwichet, N., Saitoh, Y., Torikai, K., et al. (2014). C646, a Selective Small Molecule Inhibitor of Histone Acetyltransferase P300, Radiosensitizes Lung Cancer Cells by Enhancing Mitotic Catastrophe. Radiother. Oncol. 111, 222–227. doi:10.1016/j.radonc.2014.03.015
 Ono, H., Basson, M. D., and Ito, H. (2016). P300 Inhibition Enhances Gemcitabine-Induced Apoptosis of Pancreatic Cancer. Oncotarget 7, 51301–51310. doi:10.18632/oncotarget.10117
 Roda, G., Chien Ng, S., Kotze, P. G., Argollo, M., Panaccione, R., Spinelli, A., et al. (2020). Crohn's Disease. Nat. Rev. Dis. Primers 6, 22. doi:10.1038/s41572-020-0156-2
 Schmid-Burgk, J. L., Chauhan, D., Schmidt, T., Ebert, T. S., Reinhardt, J., Endl, E., et al. (2016). A Genome-wide CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) Screen Identifies NEK7 as an Essential Component of NLRP3 Inflammasome Activation. J. Biol. Chem. 291, 103–109. doi:10.1074/jbc.C115.700492
 Swanson, K. V., Deng, M., and Ting, J. P.-Y. (2019). The NLRP3 Inflammasome: Molecular Activation and Regulation to Therapeutics. Nat. Rev. Immunol. 19, 477–489. doi:10.1038/s41577-019-0165-0
 Tourkochristou, E., Aggeletopoulou, I., Konstantakis, C., and Triantos, C. (2019). Role of NLRP3 Inflammasome in Inflammatory Bowel Diseases. World J. Gastroenterol. 25, 4796–4804. doi:10.3748/wjg.v25.i33.4796
 Waljee, A. K., Liu, B., Sauder, K., Zhu, J., Govani, S. M., Stidham, R. W., et al. (2018). Predicting Corticosteroid-free Endoscopic Remission with Vedolizumab in Ulcerative Colitis. Aliment. Pharmacol. Ther. 47, 763–772. doi:10.1111/apt.14510
 Wang, Y., Tang, Q., Duan, P., and Yang, L. (2018). Curcumin as a Therapeutic Agent for Blocking NF-κB Activation in Ulcerative Colitis. Immunopharmacol. Immunotoxicol. 40, 476–482. doi:10.1080/08923973.2018.1469145
 Wu, Y., Chen, H., Lu, J., Zhang, M., Zhang, R., Duan, T., et al. (2015). Acetylation-dependent Function of Human Single-Stranded DNA Binding Protein 1. Nucleic Acids Res. 43, 7878–7887. doi:10.1093/nar/gkv707
 Zhao, D., Fukuyama, S., Sakai-Tagawa, Y., Takashita, E., Shoemaker, J. E., and Kawaoka, Y. (2016). C646, a Novel p300/CREB-Binding Protein-specific Inhibitor of Histone Acetyltransferase, Attenuates Influenza A Virus Infection. Antimicrob. Agents Chemother. 60, 1902–1906. doi:10.1128/AAC.02055-15
 Zhao, K., Zhang, Y., Xu, X., Liu, L., Huang, L., Luo, R., et al. (2019a). Acetylation Is Required for NLRP3 Self-Aggregation and Full Activation of the Inflammasome.doi:10.1101/2019.12.31.891556
 Zhao, Y., Guo, Q., Zhu, Q., Tan, R., Bai, D., Bu, X., et al. (2019b). Flavonoid VI-16 Protects against DSS-Induced Colitis by Inhibiting Txnip-dependent NLRP3 Inflammasome Activation in Macrophages via Reducing Oxidative Stress. Mucosal Immunol. 12, 1150–1163. doi:10.1038/s41385-019-0177-x
 Zhen, Y., and Zhang, H. (2019). NLRP3 Inflammasome and Inflammatory Bowel Disease. Front. Immunol. 10, 276. doi:10.3389/fimmu.2019.00276
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Xu, Li, Long, Tao, Yu, Ruan, Zhao and Tian. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		REVIEW
published: 13 July 2021
doi: 10.3389/fphar.2021.724718


[image: image2]
Progress in the Application of Drugs for the Treatment of Multiple Sclerosis
Weipeng Wei1,2,3,4,5, Denglei Ma1,2,3,4,5, Lin Li1,2,3,4,5 and Lan Zhang1,2,3,4,5*
1Department of Pharmacy, Xuanwu Hospital of Capital Medical University, Beijing, China
2National Clinical Research Center for Geriatric Diseases, Beijing, China
3Beijing Engineering Research Center for Nervous System Drugs, Beijing, China
4Beijing Institute for Brain Disorders, Beijing, China
5Key Laboratory for Neurodegenerative Diseases of Ministry of Education, Beijing, China
Edited by:
Jian Gao, Second Affiliated Hospital of Dalian Medical University, China
Reviewed by:
Ying Peng, Chinese Academy of Medical Sciences and Peking Union Medical College, China
Jianlan Gu, Nantong University, China
Wei Wei, Jinan University, China
* Correspondence: Lan Zhang, xwzhanglan@126.com
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 14 June 2021
Accepted: 30 June 2021
Published: 13 July 2021
Citation: Wei W, Ma D, Li L and Zhang L (2021) Progress in the Application of Drugs for the Treatment of Multiple Sclerosis. Front. Pharmacol. 12:724718. doi: 10.3389/fphar.2021.724718

Multiple sclerosis (MS) is an autoimmune and chronic inflammatory demyelinating disease of the central nervous system (CNS), which gives rise to focal lesion in CNS and cause physical disorders. Although environmental factors and susceptibility genes are reported to play a role in the pathogenesis of MS, its etiology still remains unclear. At present, there is no complete cure, but there are drugs that decelerate the progression of MS. Traditional therapies are disease-modifying drugs that control disease severity. MS drugs that are currently marketed mainly aim at the immune system; however, increasing attention is being paid to the development of new treatment strategies targeting the CNS. Further, the number of neuroprotective drugs is presently undergoing clinical trials and may prove useful for the improvement of neuronal function and survival. In this review, we have summarized the recent application of drugs used in MS treatment, mainly introducing new drugs with immunomodulatory, neuroprotective, or regenerative properties and their possible treatment strategies for MS. Additionally, we have presented Food and Drug Administration-approved MS treatment drugs and their administration methods, mechanisms of action, safety, and effectiveness, thereby evaluating their treatment efficacy.
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INTRODUCTION
Multiple sclerosis (MS) is one of the malignant diseases that threaten the health of teenagers. Changes in environment and daily habits modulate the occurrence rate of this disease. MS is a chronic autoimmune disease of the central nervous system (CNS), which is characterized by demyelination and loss of nerve axons induced by an abnormal CNS-directed immune response and inflammation (Dendrou et al., 2015).
MS exhibits different phenotypes. In most patients, it is characterized by recurring clinical symptoms followed by complete or partial recovery, that is, typical relapsing-remitting MS (RRMS). After a period, the nervous system gradually deteriorates and a stage termed secondary progressive MS (SPMS) is established. However, some patients have accumulated disabilities caused by endless progression of the disease from the onset, which leads to primary progressive MS (PPMS) and clinically rare progressive relapsing MS (PRMS) (Gajofatto and Benedetti, 2015; Correale et al., 2017; De Angelis et al., 2018). The course of MS varies greatly among patients. Although significant progress has been made in the treatment in recent years, MS remains one of the most common causes of neurological dysfunction in young people. It mainly affects young and middle-aged individuals, with approximately 30 yr as the peak age of onset, and the ratio of male to female patients is approximately 1:2. To date, the etiology and pathogenesis of MS have not been fully elucidated. Long onset time, multiple lesions, and wide spread are the clinical characteristics of MS, disseminating in time and space and greatly influencing function, economy, and quality of life. The cost of MS treatment is quite high and increases with an increase in disability. While current treatment options with different immunomodulatory or immunosuppressive effects mainly reduce the frequency and severity of recurrence, they cannot cure the disease (Klotz et al., 2019).
In recent years, based on the efforts of researchers and the study of MS drug therapy, new therapeutic drugs have been discovered and developed. MS is a complex disease and is classified as an organ-specific T cell-mediated autoimmune disease, its pathogenesis is not yet fully understood. Although several proven genetic elements have been described with regard to MS, many several environmental risk factors are shown to play an important role with the focus on vitamin D or ultraviolet B exposure, Epstein-Barr virus infection, obesity, or smoking (Dobson and Giovannoni, 2019; Teymoori-Rad et al., 2021). With increasing understanding of the pathogenesis of MS, it has been elucidated that environment factors, rather than genetic factors, play an important role in susceptibility. Furthermore, it is known that innate and adaptive immune systems and their effector cells, such as microglia, activated macrophages, and B and T lymphocytes, can influence the pathogenesis of MS (Oh et al., 2018; Yamout and Alroughani, 2018). This discovery not only revealed a new therapeutic target but also laid a foundation for the search of new therapeutic drugs. In this review, we aimed to summarize and discuss new findings in MS drug therapy, including drugs currently undergoing trials and those already approved by the Food and Drug Administration (FDA), focusing on latest reports and progress in drug treatment of diseases to provide a reference for further elucidating the pathogenesis and potential therapeutic targets of MS.
Types and Characteristics of MS
MS is the most common inflammatory disease of the CNS in young people. Its clinical symptoms vary, including sensory and visual impairment, limb weakness, tremor, limb movement disorder, visceral dysfunction, and mental depression. Lesions in MS correspond to local demyelination and inflammation, leading to glial reactions and eventual axonal injury. These lesions scatter throughout the CNS, including white and gray matter (Myhr, 2008; Bigaut et al., 2019). Traditionally, according to the characteristics of the clinical course, MS can be divided into four different clinical phenotypes: RRMS, SPMS, PPMS, and PRMS. According to the incidence and prognosis of MS, there are two rare clinical types of the disease, which overlap with the above clinical types, including benign and malignant MS. In benign MS, the number of relapses reduces within 10–15 yr after onset, while the nervous system still functions well. In contrast, patients with malignant MS exhibit sudden onset of the disease, which progresses rapidly with subsequent neurological deterioration, resulting in disability or death.
Relapsing Remitting Multiple Sclerosis, RRMS
RRMS has a remission cycle of relapse and remission, which is characterized by acute remission (relapse) and relatively stable intermission (remission). In this phenotype, a patient recovers after each attack, leaving no or only mild sequelae. The condition of the two relapse intervals is stable and has the best response to treatment, and up to half of the patients with RRMS may exhibit the secondary progressive type of MS after a period. The incidence rate of RRMS among women is approximately twice that among men, and approximately 85–90% of patients with MS present this phenotype. Its pathogenesis is the production of lumpy demyelinating areas of varying sizes in the neurocellulose area, and its pathological characteristics are varying degrees of inflammatory cell infiltration, demyelination, axonal injury, and astrocyte hyperplasia. RRMS is the most common type of MS and the hot spot of clinical research.
Secondary Progressive Multiple Sclerosis, SPMS
After 10–15 years of illness, approximately 50% of RRMS patients no longer experience relapse and remission, and show slow progressive aggravation, which manifests as a stage of continuous deterioration of disability with or without seizures.
Primary Progressive Multiple Sclerosis, PPMS
PPMS is rare and onset occurs in a relatively older age, accounting for approximately 10% of MS occurrence. The disease has a course duration of 1 yr or more; it progresses slowly showing only short-term, insignificant symptom improvement with no remission or recurrence and exhibits poor response to treatment.
Progressive Relapsing Multiple Sclerosis, PRMS
PRMS is clinically rare and is characterized by gradual development and aggravation, occasional recurrence, and continuous progression between two relapses.
Application of Drugs for the Treatment of MS
Drugs Approved by FDA
The treatment of MS is mainly based on the use of immunosuppressants and immunomodulators. Until 1993, MS treatment was not licensed; however, several treatments are now available (Ziemssen, 2011; Antonio Garcia Merino, 2014; Boster et al., 2017; Kidd et al., 2017). Currently, approved drugs for the treatment of MS are usually disease modifiers, which only reduce the incidence of the disease and delay its progression in some patients. It is believed that these treatments are only effective against the inflammatory component of the disease (Bagherpour et al., 2018). With rapid progress in the development of effective MS therapeutic drugs, a variety of these drugs are now marketed. Although many drugs are used to treat MS in the clinic, only a few of them have been approved by the FDA. At present, the products approved by the FDA for the treatment of MS include interferon (IFN)-β, glatiramer acetate (GA), teriflunomide, fingolimod (FTY), mitoxantrone, natalizumab, dimethyl fumarate, and alemtuzumab (Table 1).
TABLE 1 | List of drugs approved by the FDA for the treatment of MS.
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IFN was the first cytokine discovered and studied in humans. It can activate macrophages, increase natural killer cell activity, and inhibit virus replication; it was originally used in antiviral therapy. IFN can be divided into three types according to their origin and structure: α, β, and γ. IFN-β is effective, IFN-α is ineffective, and IFN-γ can aggravate the disease (Wittling et al., 2020; Shen et al., 2021). IFN-β has been recommended as a first-line drug for patients with RRMS by the FDA. The mechanism of action of IFN-β involves the inhibition of lymphocyte proliferation and antigen expression, regulation of anti-inflammatory phenotypic cytokinesis products in the circulatory system and CNS, inhibition of T cell matrix metalloproteinase activity, and reduction of inflammatory T cell migration (Shahi et al., 2020).
The first generation of IFN-β was approved by the FDA in 1993 and is the earliest disease-modifying treatment used for MS. Two kinds of IFN-β compounds exist, IFN-β-1a and IFN-β-1b, both of which must be injected (Zettl et al., 2018). IFN is a small protein that can be degraded or cleared quickly; thus, it is administered frequently, ranging from every other day to once a week (Jain and Jain, 2008). Currently, three parenteral IFN-β preparations are approved for the treatment of MS: IFN-β-1b is subcutaneously injected every other day, IFN-β-1a is subcutaneously injected three times a week, and IFN-β-1a is injected intramuscularly once a week. IFN-β is an immunomodulatory drug with multiple targets; however, its exact mode of action is not yet completely clear (Filippini et al., 2017). The therapeutic effect of IFN-β has been determined, and its greatest advantage is that it has no deleterious side effects, such as malignant tumors or teratogenicity (Rommer and Zettl, 2018). Its limitations include side effects, such as skin reactions (from erythema and itching to infection and even necrosis), influenza symptoms, muscle pain, joint pain, chills, headache, and body weakness. Therefore, injection-related adverse events can negatively influence compliance, and the need for frequent administration may become an obstacle to MS treatment (Mohr et al., 2001; Patti, 2010; Beer et al., 2011; Menzin et al., 2013).
Glatiramer Acetate (GA)
GA, approved by the FDA in 1996, is an immunomodulating amino acid copolymer (Aharoni, 2013). Its mechanism of action involves the activation of T cells and induction of Th2 cell production. Th2 cells can promote the production of anti-inflammatory cytokines, such as interleukin (IL)-4, IL-10, and TGF-β, thus playing an immunomodulatory role. Commonly, a dose of 20 mg once a day is administered subcutaneously. At present, no additional benefit of a higher GA dose has been found, and the effect of the drug on the recurrence rate of MS after 2 yr of treatment is similar to that of IFN-β (Comi et al., 2011; La Mantia et al., 2015; van Dijkman et al., 2018). Although GA is safe, some patients still experience adverse reactions. Skin reaction at the site of injection is frequent, and fat atrophy may occur. Injection-related reactions include blushing, chest pain, palpitations, urticaria, and dyspnea; these side effects and the need for daily injection lead to a huge burden, which negatively influences treatment sustainability (Patti, 2010; Beer et al., 2011; Krysko et al., 2020).
Teriflunomide
Teriflunomide is an inhibitor of pyrimidine synthase (dihydroorotate dehydrogenase). It plays a neuroprotective role by inhibiting dihydroorotate dehydrogenase, blocking the synthesis of DNA and RNA, and reducing the proliferation of immune cells (Bar-Or et al., 2014). Teriflunomide is a daily oral disease modification therapy approved for the treatment or relief of recurrent MS. This compound is the main active metabolite of leflunomide, a drug approved for the treatment of rheumatoid arthritis. Teriflunomide selectively and reversibly inhibits dihydrophosphate dehydrogenase, which is the key mitochondrial enzyme for deoxypyrimidine synthesis required for the rapid division of B and T lymphocytes. Through this cellular static effect, teriflunomide has the potential to limit the immune response that leads to MS activity (Gold and Wolinsky, 2011; Confavreux et al., 2014). Related studies have shown that 14 mg of the drug can significantly reduce the annual recurrence rate of MS per patient and the risk of disability progression lasting at least 12 wk. Further, it has been reported that 7 mg of teriflunomide can significantly reduce the annual recurrence rate of MS; however, this dose has no significant effect on disability progression. In addition, extended studies have shown that long-term (approximately 8.5 yr) treatment with teriflunomide can maintain the efficacy of drug. Diarrhea, nausea, thinning of hair (alopecia), and increased concentration of alanine aminotransferase are the most common adverse reactions associated with teriflunomide (O'Connor et al., 2011; Confavreux et al., 2012; Wolinsky et al., 2013; Confavreux et al., 2014).
Fingolimod (FTY)
FTY, the first oral immunosuppressant and a sphingosine-1-phosphate receptor (S1PR) modulator, was approved by the FDA in 2010 as an oral drug for the treatment of MS. The main mechanism of action is to inhibit the release of lymphocytes from the peripheral lymphoid tissue by binding to S1PR on the surface of lymphocytes after phosphorylation or to induce lymphocytes in peripheral blood to migrate back to the peripheral lymphoid tissue and reduce their entry into the CNS. In addition, FTY can directly regulate the expression of S1PR on the surface of oligodendrocytes and neurons through the blood–brain barrier (BBB), and plays a role in neuroprotection and repair. Five different types of S1PRs exist, among which FTY binds to S1PR 1, 3, 4, and 5, and the immunomodulatory effect of FTY may be mediated by S1PR1. The internalization of the receptor makes it impossible for immune cells to leave the lymphoid tissue or enter the CNS to promote an autoimmune response. The results of clinical trials show that FTY is effective in patients with recurrent MS, and oral administration can reduce the treatment burden of the injection (Cohen et al., 2016; Matko et al., 2020). The related side effects of FTY in the trial included cardiac autonomic nervous dysfunction, high infection rates (especially herpes infection), melanoma, and eye problems associated with the development of macular edema. Additionally, animal studies have reported teratogenicity and embryonic lethality, including organ defects, especially permanent truncus arteriosus and ventricular septal defects (Cohen et al., 2010; Findling et al., 2020).
Mitoxantrone
Mitoxantrone, an immunosuppressant, is a topoisomerase II inhibitor that inhibits cellular DNA replication, transcription, and repair. It was originally used to treat diseases, such as myeloid leukemia and prostate cancer. In 2000, mitoxantrone was approved by the FDA for the treatment of patients with worsening RRMS and SPMS, and its effect on the treatment of RRMS was definite. Mitoxantrone is similar to an embedding agent in the treatment of MS when it is embedded in DNA base molecules, which inhibits DNA synthesis and the presentation of antigens, such as T and B cells, reduces the secretion of inflammatory cytokines, such as tumor necrosis factor (TNF), and plays an immunosuppressive and neuroprotective role (Jeffery and Herndon, 2004; Martinelli et al., 2009). The drug is administered once every 3 mo for 2 yr, which can reduce the recurrence frequency, lesion formation, and disability rate associated with MS. However, the clinical application of mitoxantrone is limited because of its side effects, including cardiotoxicity, hair loss, constipation, and abnormal liver function.
Potential New Drugs for MS
MS is a complex inflammatory autoimmune disease of unknown etiology. It is believed that the pathogenesis of MS mainly occurs as an immune response to myelin or myelin-forming cells (oligodendrocytes) owing to the presence of abnormally activated T cells in the CNS, which leads to progressive demyelination in the CNS and neurodegenerative diseases. Macrophages, self-reactive CD8+T cells, Th1 and Th17 cells, and clonal expanded B cells have been reported to dominate the inflammatory infiltration of the BBB. Further, a number of autoantibodies and autoreactive T cells have been found in patients with MS (Bittner et al., 2014; Lombardo et al., 2019). Inflammatory cytokines produced by self-reactive T cells passing through the BBB and the CNS can cause damage to myelin and surrounding tissues, and microglia and astrocytes in the CNS are activated during inflammation and produce pro-inflammatory mediators that worsen the disease (Dendrou et al., 2015). The classification of MS is also an important reference for the choice of therapeutic drugs. It is suggested that we should combine the typing of MS with the factors affecting the CNS and the corresponding types of immune cells to study whether different influencing factors act on different parts of the nervous system, resulting in different types of MS in order to further study the pathogenesis of MS and find a new target for MS therapy. Therefore, based on the above, we focus on adaptive immune responses in T and B cells, as well as myeloid cells of the innate immune system (dendritic cells (DCs), astrocytes, microglia, and oligodendrocytes), to discuss the role of drugs in the treatment of patients with MS and some animal models with the aim of finding new targets and strategies for the development of therapeutic drugs for MS.
Although several therapeutic drugs for MS are available in the clinic, immunomodulatory drugs to control the recurrence of MS or completely cure the disease are not enough and the treatment cost is quite high. However, because of deleterious side effects, adverse reactions caused by cyclophosphamide in the treatment of MS cannot be ignored; for example, cyclophosphamide in the treatment of MS often causes adverse reactions, such as peripheral leukopenia, gastrointestinal reactions, hemorrhagic cystitis, malignant tumors, and increased infertility. Thus, it is not used clinically (La Mantia et al., 2007; Patti and Lo Fermo, 2011; Findling and Sellner, 2021). Glucocorticoid drugs, such as methylprednisolone, are mainly used for the treatment of acute MS (Sato et al., 2012). Therefore, the need to develop new drugs and approaches for the treatment of MS persists. In recent years, with the in-depth study of MS, researchers have explored the mechanism of the immune system in inflammatory demyelination, neuronal injury, and myelin regeneration as well as the association between the immune system and CNS to find a better and more effective treatment strategy for MS. At present, research on MS therapeutic drugs is developing rapidly, and a number of these drugs are undergoing phase II and III clinical trials (Table 2) and basic study (Table 3).
TABLE 2 | Drugs undergoing phase II and III clinical trials for the treatment of MS.
[image: Table 2]TABLE 3 | Drugs that are being studied for the treatment of MS in recent years.
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DCs are full-time antigen-presenting cells that do not only efficiently absorb, process, and present antigens as well as mediate antigen-specific immune responses but also regulate immune induction and maintain immune homeostasis. Increasing evidence has shown that DCs play an important role in the pathogenesis of MS and it is the balance cells between Th1/Th2 and Th17/Treg. MS is an autoimmune disease mediated by Th cells. Therefore, the treatment of MS with DCs as targets has become a research hotspot. DCs are divided into immature DCs, mature DCs, and semi-mature DCs according to their state of maturity. The main function of immature DCs is antigen presentation, whereas the main function of mature DCs is to induce T cell activation. Based on their phenotypic function, they can be divided into two categories: conventional DCs and plasmacytoid DCs (Macri et al., 2016; Rosa et al., 2020).
Kim et al. (Kim et al., 2016) found that minocycline-treated DCs (Mino-DCs) could induce the differentiation of Foxp3+ T cells with low expression of MHC II and costimulatory molecules and high expression of PDL-1. Injection of MOG35-55-shocked Mino-DCs into experimental autoimmune encephalomyelitis (EAE) mice could improve the clinical symptoms of EAE. Krivenko et al. (Krivenko et al., 2020) evaluated the effect of fluoxetine on the production of IL-6 and IL-1 β by DCs in MS and showed that the compound could inhibit the production of these cytokines, indicating that fluoxetine could exert an anti-inflammatory effect on MS by regulating the production of pro-inflammatory cytokines by DCs. Further, Chen et al. (Chen et al., 2018) showed that DCs treated with atorvastatin maintained a stable semi-phenotype and low levels of costimulatory molecules and pro-inflammatory cytokines. The drug significantly reduced disease activity in EAE mice, regulated Th17/Treg balance, significantly reduced Th17 cells, and increased regulatory T cells, which is expected to become a new strategy for the treatment of MS in the future. Additionally, Wang et al. (Wang et al., 2016) showed that daphnetin could significantly inhibit the reaction of Th1 and Th17 cells as well as the activation, maturation, and antigen presentation of DCs. At the same time, NF-κB signal decreased significantly in DCs treated with daphnetin accompanied by the induction of heme oxygenase-1 (a negative regulator of inflammatory signal). Mondal et al. (Mondal et al., 2018) have also reported that aspirin reduces the development of EAE driven by myelin basic protein-specific T cells, increases the amount of Foxp3 and IL-4 in T cells, and inhibits the differentiation of T cells into helper T cells (Th17 and Th1 cells).
MS Drugs Acting on Astrocytes and Microglia
The exact etiology and pathogenesis of MS remain unclear. Its possible pathological features include the activation of astrocytes and microglia. A variety of pro-inflammatory and anti-inflammatory cytokines and chemokines secreted by activated astrocytes and microglia can be used as direct or indirect immune mediators or inflammatory mediators in the pathogenesis of MS (Yi et al., 2019). In addition, Magnus et al. (Magnus et al., 2004) suggested that both microglia and astrocytes could absorb apoptotic cells, and the phagocytosis of microglia and astrocytes is determined by the nearby microenvironment, both of which play important roles in the occurrence and development of MS.
EAE and toxic demyelination induced by cuprizone (CPZ) are commonly used in animal models of MS that are used to study demyelination and remyelination during the infiltration of inflammatory cells in the CNS. Wang et al. (Wang et al., 2020) showed that fasudil could inhibit microglial-mediated neuroinflammation and promote astrocyte-derived nerve growth factor and ciliary neurotrophic factor in CPZ-induced demyelination. Arsenic trioxide is used to treat a variety of autoimmune diseases. An et al. (An et al., 2020) showed that this compound could reduce demyelination, inflammation, microglial activation, and the expression of IL-2, IFN-γ, IL-1 β, IL-6, and TNF-α in EAE mice. It is expected to become a new drug for the treatment of MS. Honokiol, a nano-liposome developed by Hsiao et al. (Hsiao et al., 2020), is a drug that could reduce the number of IL-6+, Iba-1+ TNF+, Iba-1+ IL-12 p40+, and CD3+ IFN-γ+cells infiltrating the spinal cord and clearing the inhibitory effect of nanosome-encapsulated honokiol on the infiltration of activated microglia and Th1 cells into the spinal cord. Studies on microglia have shown that resveratrol-treated microglia can significantly inhibit the production of nitric oxide and TNF-α (Pallares et al., 2012). The same study emphasized the inhibitory effect of resveratrol on NF-κB in microglia (Nishikawa et al., 2015). In our laboratory, we found that cornel iridoid glycoside, icariin, and epimedium flavonoids could improve the symptoms of neurological damage in EAE and CPZ mice and inhibit the over-activation of microglia and astrocytes in the brain; thus, they may be potential effective drugs for the treatment of MS (Yin et al., 2012; Yin et al., 2014; Liang et al., 2015; Qu et al., 2016; Zhang et al., 2017; Qu et al., 2019).
MS Drugs Acting on Oligodendrocytes
Oligodendrocytes wrap nerve fibers in the CNS with a special cell membrane to form a myelin sheath. In MS, the loss of myelin and oligodendrocytes impairs jumping signal transduction, leading to neuronal loss and dysfunction (Yeung et al., 2019). The limited ability of oligodendrocyte progenitor cells to differentiate into mature cells is the main reason for the low efficiency of myelin repair in the CNS. Oligodendrocytes are important cells for the regeneration of myelin sheath and axons. To ensure myelin regeneration, oligodendrocyte progenitor cells must migrate from the demyelinating area of the subependymal zone of the lateral ventricle and then mature into oligodendrocytes to promote myelin regeneration.
Manousi et al. (Manousi et al., 2021) identified some new small molecules that could promote oligodendrocyte differentiation, even in the presence of the oligodendrocyte differentiation inhibitor p57Kip2 and found subsets that could promote human oligodendrocyte genesis and myelin formation in vitro. Among them, danazol and parbendazole promote oligodendrocyte differentiation and myelin repair. It has been reported that astaxanthin has a protective effect against neurodegenerative diseases and can reduce CNS damage caused by oxidative stress. Lotfi et al. (Lotfi et al., 2021) showed that astaxanthin plays a beneficial role in reducing demyelination and oligodendrocyte death in an MS rat model. Astragalus polysaccharides are the main bioactive components of the astragalus membrane, which can prevent demyelination in EAE and CPZ mice. Ye et al. (Ye et al., 2021) showed that astragalus polysaccharides inhibited the dryness of neural stem cells and promoted the differentiation of neural stem cells into oligodendrocytes and neurons. Ghaiad et al. (Ghaiad et al., 2017) also showed that resveratrol could increase the expression of oligodendrocyte transcription factor-1 and promote myelin regeneration, which has a potential value in the treatment of MS.
In summary, the adaptive immune response T and B cells as well as myeloid cells of the innate immune system (dendritic cells, astrocytes, and microglia) are not only components of the CNS but also participate in the regulation of neuroimmune inflammatory response as immune helper cells in the CNS. Their roles in the occurrence and development of MS cannot be ignored. However, to date, the mechanism of their action in MS is not yet completely clear, and the therapeutic target is still vague. Therefore, the target of effective intervention in their pathogenic process, that is promoting neuroprotection, could be a feasible treatment to alleviate MS, which may also be the target of drug development in the future. However, although a few studies based on the above exist, further experimental and clinical evidence is needed, which is expected to provide new ideas and strategies for the prevention and treatment of MS.
Summary
MS is characterized by peripheral and central inflammation, demyelination, and neurodegeneration. Although currently available MS treatments reduce the recurrence of the disease, they do not promote tolerance to myelin-specific T lymphocytes to ensure long-term protection against MS. Therefore, the treatment of MS is one of the biggest treatment challenges. To develop new and effective treatments for patients with MS, the mechanism of the disease needs to be fully clarified and understood, which may be multifactorial. However, the incomplete understanding of the pathogenesis of MS and lack of suitable animal models make it difficult to identify potential target pathways and new therapeutic drugs. Although the clinical use of some MS treatment drugs can alleviate the process of the disease, but they cannot completely cure MS and cause adverse reactions; thus, it is particularly important to actively seek safe and effective drugs for MS treatment. In summary, in view of the significant effects of drugs on autoimmunity and the regulation of the immune system, immunomodulatory drugs are expected to become candidates for the treatment of major autoimmune diseases. Although it is still a major challenge to develop effective strategies for the treatment of autoimmune diseases, such as MS, the complex immune regulation of drugs targeting various pathways in the treatment of autoimmune diseases is of great significance. Therefore, we have good reasons and are motivated to expand our exploration of drugs regulating the immune system to study and develop effective drugs for the treatment of MS.
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Sepsis is a host immune disorder induced by infection. It can lead to multiple organ dysfunction syndrome (MODS), which has high morbidity and mortality. There has been great progress in the clinical diagnosis and treatment of sepsis, such as improvements in pathogen detection technology, innovations regarding anti-infection drugs, and the development of organ function support. Abnormal immune responses triggered by pathogens, ranging from excessive inflammation to immunosuppression, are recognized to be an important cause of the high mortality rate. However, no drugs have been approved specifically for treating sepsis. Here, we review the recent research progress on immune responses in sepsis to provide a theoretical basis for the treatment of sepsis. Constructing and optimizing a dynamic immune system treatment regimen based on anti-infection treatment, fluid replacement, organ function support, and timely use of immunomodulatory interventions may improve the prognosis of sepsis patients.
Keywords: sepsis, inflammatory, cytokine, immunosuppression, immune intervention
INTRODUCTION
Sepsis is a life-threatening syndrome caused by an abnormal infection-induced immune response. It is frequently seen in cases of severe infection, trauma, burns, shock, and major surgery. Sepsis can further develop into multiple organ dysfunction syndrome (MODS), which is the primary cause of death among acute and critically ill patients (Rhee et al., 2017). In recent years, the incidence rate of sepsis has increased globally, severely threatening human health and posing a tremendous burden on the economy and society (Adhikari et al., 2010; Fleischmann et al., 2016; Xie et al., 2020). Nowadays, it is thought that sepsis is mainly induced by immune dysfunction. To be specific, it develops from an initial excessive inflammatory response specific to pathogenic factors (such as infection or trauma) into immune paralysis or immunosuppression. In the excessive inflammatory response stage, the innate immune response, which should play a defensive role, causes cell and tissue injury, or even MODS (van der et al., 2017; Muszynski der et al., 2018).
The understanding of sepsis has gone through three stages. In the first stage, the concept of systemic inflammatory response syndrome (SIRS) was proposed (Bone et al., 1992), based on the hypothesis that sepsis is an infection-induced systemic inflammatory response. However, there was debate concerning this concept, with a focus on the specificity of the diagnosis. The low specificity of the SIRS diagnostic criteria made the patient population that fulfilled the diagnostic criteria for sepsis extremely complicated, which caused great difficulties in clinical research. In the second stage, to improve the diagnostic specificity, it was proposed that the diagnostic criteria for sepsis should not just be restricted to an inflammatory response. Instead, more attention should be paid to hemodynamics, tissue perfusion, and organ functional status. However, the new diagnostic criteria were not extensively applied in clinical practice due to their complexity (Levy et al., 2003). In the third and current stage, The Third International Consensus Definition for Sepsis and Septic Shock (Sepsis-3) were proposed (Singer et al., 2016). From the perspective of immunology, the essence of sepsis is MODS induced by a disordered immune response to severe infection, and the key factors include not only a systemic inflammatory response, but also disordered immune regulation (Figure 1B). In other words, sepsis develops from excessive immune activation into extensive immunosuppression (van der et al., 2017). This review explores the latest progress regarding the understanding of the pathogenesis of infectious sepsis-related immune dysfunction, so as to provide more theoretical evidence for developing new sepsis treatments. Immunity dysfunction caused by other causes such as trauma, major surgery or shock will be explored in the future.
[image: Figure 1]FIGURE 1 | Immune response following pathogen infection. Figure (A): Pathogen invasion induces local inflammatory response in tissues. The activated innate immune and adaptive immune cells migrate locally to tissues, inhibit microbe duplication and systematic dissemination, and finally clear the pathogen. Inflammation is controlled and immune balance of the body is achieved. (B): Heavy load infection accompanied by local damage activated innate and adaptive immune cells are in a hyperinflammatory state under the dual effects of pathogens and DAMPs. The cytokine storm generated by these cells inhibits the pathogens to a certain extent, but also leads to further tissue damage. Microbes migrate to the whole body through damaged blood vessels, causing a strong inflammatory response and thus leading to systemic immune dysregulation and injury.
PATHOGENS AND IMMUNITY
Bacteria
The host’s innate and adaptive immune responses are activated during bacterial infection, which is an important mechanism for resisting pathogen infection. In the early stage of a bacterial infection, the innate immune system is rapidly activated to locally restrict the infection via inflammatory responses to prevent further progression into systemic infection (Figure 1A). The innate immune system resists the invading pathogenic bacteria using immunologically active substances such as lysozyme and antibacterial peptides. Furthermore, during infection, the family of complement molecules in the blood can infiltrate the infected tissues and exert antibacterial effects via three complement activation pathways. If the infection persists, the infected cells can recruit innate immune cells such as neutrophils and monocytes in the blood by releasing chemokines such as C-X-C motif chemokine ligand 1 (CXCL1) and C-C motif ligand 8 (CCL8). These cells migrate from the blood vessels to the local tissue to exert an inflammatory effect. Toll-like receptors (TLRs) are important receptors associated with innate immunity. They specifically recognize and bind to pathogen-associated molecular patterns (PAMPs) (Pradeu and Cooper, 2012; Netea et al., 2017), triggering a series of signaling pathways that leads to inflammatory factor release and ultimately activates the adaptive immune system (Fitzgerald et al., 2003; Kawai and Akria, 2010).
Regarding Gram-negative bacteria (Raetz and Whitfielg, 2002), lipopolysaccharide (LPS) in their outer membrane can be recognized by TLR4 (Figure 2). After recognition of LPS, TLR4 undergoes dimerization and further activates downstream signals, including myeloid differentiation factor 88 (MYD88) and MYD88 adaptor-like (MAL). MYD88 can recruit the downstream kinases interleukin-1 receptor-associated kinase 1(IRAK1), IRAK4, and tumor necrosis factor receptor-associated factor 6 (TRAF6), and ubiquitinate TRAF6. The ubiquitinated TRAF6 can recruit Transforming growth factor-β-activating kinase 1 (TAK1) TAK1 binding protein 1 and 2 (TAB1/2) complexes by acting as a scaffold molecule, and then TAK1 can activate IκB kinase (IKK) β of the IKK complex. The activated IKKβ phosphorylates the inhibitory molecule IkB of nuclear factor (NF)-κB in the cytoplasm, undergoes ubiquitination followed by degradation, and causes activated NF-κB to localize to the nucleus (Ghosh and Karin, 2002). This promotes the production of key pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis factor (TNF)-α (Vaure and Liu, 2014). These core inflammatory factors can act on vascular endothelial cells to increase blood vessel permeability to further promote immune cell migration to sites of inflammation. They can also inhibit bacterial growth by increasing the body temperature to achieve infection control. In addition, LPS can induce the transcription of type-1 interferon (IFN) (O’Neill et al., 2013) and IFN-related genes (Yamamoto et al., 2002) downstream of TLR4 via a MYD88-independent signaling pathway, thus promoting antiviral and antibacterial effects.
[image: Figure 2]FIGURE 2 | Immunity mechanism of sepsis induced by different pathogens. The predominant pathogens that cause sepsis are bacteria, fungi and viruses. The lipopolysaccharide (LPS) in the outer membrane of Gram-negative bacteria can be recognized by TLR4, while the lipoprotein in the cell wall of Gram-positive bacteria can be bound to TLR2/TLR1. They activate the downstream signaling molecule of MyD88 and ubiquitinate TRAF6. Ubiquitinized TRAF6K recruits the TAK1-TAB1/2 protein complex, while TAK1 kinase activates the transcription factor NF-kB and facilitates the production of key pro-inflammatory cytokines such as IL-1, IL-6, and TNF. Fungus β-glucan and mannose are commonly recognized by CLRs which mobilizes Syk protein kinases to coordinate the innate immune response, and eventually activate NFkB to produce pro-inflammatory factors through the CARD9/BCL10/MALT1 complex. iIfluenza viruse causing common viral infection in sepsis can be recognized by RIG-I in the cytoplasm and signal to TAK1 and TBK1 through oligomerization of MAVs molecules on mitochondria, which ultimately activates NF-kB and IRF family transcription factors and promotes the production of inflammatory factors and type 1 interferon. These changes cause damage to important viscera of airframe.
Similarly, the lipoprotein component of the cell wall of Gram-positive bacteria or mycoplasma can be recognized by TLR2/TLR1 or TLR2/TLR6, which activate the NF-κB transcription factor via the same signaling pathway to induce inflammatory responses (Figure 2). Other members of the TLR family, such as TLR3, TLR7, TLR8, and TLR9, can recognize the nucleic acid components of viruses and bacteria. The activation of these receptors induces the production of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and type I IFN. Take TLR3 as an example (Zhang et al., 2013). The TRIF protein downstream of TLR3 signaling can recruit the E3 ubiquitin ligase TRAF3 and further activate TANK binding kinase 1 (TBK1) (Takeuchi and Akira, 2010). The activated TBK1 can phosphorylate the IRF3 transcription factor, which promotes type I IFN production after localizing to the nucleus. The activation of NF-κB and IRF3 can lead to a strong early inflammatory response in patients with sepsis. If the infection cannot be eliminated completely, the continuous high-intensity inflammatory response damages cells such as vascular endothelial cells, resulting in abnormal blood coagulation and impaired organ function.
Infection can cause tissue damage and the release of damage-associated molecular patterns (DAMPs). These are similar to PAMPs, although DAMPs (Peiseler and Kubes, 2018) are mostly endogenous proteins or nucleic acid molecules, such as high mobility group box 1 (HMGB1) and mitochondrial DNA. They can be recognized by innate immune cells after entering the cytoplasm or extracellular space. Therefore, DAMP release is another mechanism by which pathogens can affect the host’s immune response (Gong et al., 2020). Once released into the extracellular space, DAMPs can be sensed by afferent nerves, followed by transmission of signals to the spleen and other organs via the vagus nerve, involving acetylcholine release. Acetylcholine can bind to cholinergic receptors on the surface of macrophages and inhibit the release of pro-inflammatory cytokines.
Fungi
Many studies have confirmed that C-type lectin receptors (CLRs) play a major role in the identification of β-dextran and mannosan of pathogenic fungi. When dendritic cells (DCs) respond to Candida albicans infection, spleen tyrosine kinase (Syk) is recruited by CLRs to coordinate the innate immune response (rather than MYD88, which is the downstream linker molecule of TLRs) (Whitney et al., 2014). CLRs include Dectin-1, Dectin-2, Dectin-3, Mannose receptor, Mincle, and DC-specific intercellular adhesion molecule-3-grabbing non-integrin (DC-SING), which are mainly expressed in the bone marrow and epithelial cells (Figure 2). Dectin-1 and Dectin-2, as pattern recognition receptors (PRRs), can sense Candida albicans and mycelium infections (Bain et al., 2021). Upon ligand binding to these receptors, signaling pathways such as NF-κB, mitogen-activated protein kinase (MAPK), and Calcium/calmodulin-dependent protein kinase II (CaMKII) are activated via Syk, which plays an important role in balancing the immune response, inflammatory reactions, and fungal infection response (Gringhuis et al., 2011). Dectin-1 does not rely on Ca2+ to recognize fungal β-dextran, while Dectin-2 relies on Ca2+ to recognize fungal α-mannosan. Moreover, Dectin-1 can activate the NF-κB signaling pathway by activating all subunits of NF-κB, while Dectin-2 can activate this pathway only by activating the c-REL subunit of NF-κB. Dectin-3 can recognize α-mannosan on fungal cell walls, and it plays an important role in the immune response to Candida albicans, Blastomyces dermatitidis, and other pathogens (Lobato and Pascual, 2013). It plays a synergistic role with Dectin-2 in the identification of α-mannosan of pathogenic fungi (Zhu et al., 2013).
CLRs respond to infection in a process that involves complex synergy among the CLRs (Drummond and Lionakis, 2016). However, it should be noted that the synergistic mechanism among CLRs has not been thoroughly studied (Ostrop and Lang, 2017). Additionally, CLRs play synergistic roles with other receptors. For example, TLR2 and TLR4 can also recognize glucuronic acid and mannosan of Cryptococcus (Gibson and Johnston, 2015; Leopold et al., 2016). However, the synergistic mechanism of CLRs and TLRs remains unclear.
When an invasive fungal infection develops further, the body activates adaptive immunity to defend against the infection. Antigen-presenting cells (APCs) initiate the adaptive immune response by presenting antigens to T cells. Both CD4+ and CD8+ T cells are involved in the response to fungal infection (Leopold et al., 2016; Marcos et al., 2016). The role of CD4+ T cells is the most important out of the two. In response to antigen stimulation, CD4+ T cells are activated, proliferate, and differentiate into helper T cells (Th cells). Under the influence of cytokines in the local immune microenvironment, Th cells differentiate into Th1, Th2, Th17, or regulatory T cells (Treg cells).
Th1 cells directly or indirectly secrete γ-IFN and IL family members (IL-2, IL-6, and IL-12) to promote the activation and proliferation of macrophages, natural killer (NK) cells, and CD8+ T cells. The fungi are then killed, including by phagocytosis (Geginat et al., 2014; Murdock et al., 2014). Th2 and Th17 cells are necessary for the response to mucous membrane candidiasis (Conti and Gaffen, 2015; Fei et al., 2015). IL family members (such as IL-4 and IL-10) secreted by Th2 cells can promote the proliferation of B cells and the production of antibodies, which mediate the humoral immune response. Moreover, Th2 cells secrete IL-13 and transforming growth factor (TGF)-β, which regulate the immune balance. For example, IL-13 can inhibit macrophage activation by IFN-γ, and TGF-β can inhibit neutrophil activation and proliferation. Th17 cells also play an important role during fungal infections. However, the mechanism of action still needs to be studied in depth (Fei et al., 2015). Treg cells have important functions regarding immune tolerance and maintaining homeostasis. Furthermore, they play a role in resisting microbial infections, but the mechanisms remain unclear (Shafiani et al., 2010; Leopold et al., 2016). When stimulated by antigens, B cells are activated, proliferate, and differentiate into B2 cells with the help of Treg cells. They then form a germinal center and produce specific antibodies to mediate the humoral immune response.
Viruses
During viral sepsis, PRRs recognize specific endogenous or exogenous ligands (Takeuchi and Akira, 2010) and then trigger non-specific innate immunity, which involves producing pro-inflammatory cytokines and chemotactic factors (such as TNF-α, IL-1β, IL-12, and IL-18) and recruiting phagocytes. Additionally, PRRs can trigger adaptive immunity and locally activate the complement and coagulation systems (Takeuchi and Akira, 2010; van et al., 2017; Iwasaki and Medzhitov, 2004).
Influenza viruses infecting alveolar cells, macrophage, and DCs can be recognized by TLRs (TLR 3, TLR4, and TLR7). The resultant NF-κB signaling upregulates pro-inflammatory cytokines (such as TNF-α, IL-1β, IL-6, and IL-8) that damage the epithelial–endothelial barrier (Short et al., 2014) (Figure 2). Herpes simplex virus produces a strong response through the TLR2 and TLR9 signaling pathways. The IL-6 level influences the survival rate associated with herpes simplex encephalitis (Bociąga Jasik, et al., 2011). In addition, herpes simplex virus can increase the ratio of IL-8 to TNF-α in newborns . Human enterovirus infection is characterized by a type I IFN response, induced by PRRs that respond to RNA viruses. The characteristic enterovirus infection response, which is a type I IFN response, mainly involves RIG-I-like receptor (RLR) signaling and TLR signaling [among the TLRs, TLR3, TLR7, TLR8, and TLR9 are related to nonspecific immune responses (Triantafilou et al., 2005; Richer et al., 2009; Coyne et al., 2011; Hsiao et al., 2014)]. Enterovirus infection not only causes pro-inflammatory cytokine release, but also induces cell death, thereby aggravating the inflammatory reaction. Dengue virus can also cause inflammatory reactions via the type I IFN response. In SARS-CoV infection, a high initial viral titer is related to extensive lung injury. Increases in monocyte, macrophage, and pulmonary neutrophil infiltration, serum pro-inflammatory cytokines (such as TNF-α, IL-6, IL-8, and IFN-γ), and chemotactic factors may be related to poor prognosis of Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV) infection (Wong et al., 2004; Kong et al., 2009). Thus, sepsis related to SARS is associated with the direct cytopathic effect and cytokine storm caused by SARS-CoV. Middle East Respiratory Syndrome Coronavirus (MERS-CoV) can infect immunocytes such as DCs and macrophages and induce the production of pro-inflammatory cytokines and chemotactic factors, such as TNF-α, IL-6, CXCL-10, CCL-2, CCL-3, CCL-5, and IL-8 (Wong et al., 2004; Kong et al., 2009). Recent research has shown that the levels of pro-inflammatory cytokines and chemotactic factors in coronavirus disease 2019 (COVID-19) patients are significantly increased (Chu et al., 2014; Zhou et al., 2014; Huang et al., 2020; Liu et al., 2020).
Immune Dysregulation During Sepsis
The pathogenesis of immune dysfunction in sepsis remains unclear. However, as early as in 1996, the American researcher Bone (1996) proposed that the development of sepsis is induced by an imbalance between the pro- and anti-inflammatory mechanisms in the body. Previous opinion maintained that the development of sepsis could be classified as an early systemic inflammatory response stage sequentially followed by a later compensatory anti-inflammatory response stage (Hotchkiss et al., 2013; Leentjens et al., 2013). However, since 2000, the hypothesis regarding SIRS sequentially followed by compensatory anti-inflammatory response syndrome (CARS) has gradually been discarded. Many studies suggest that, in the early stage of sepsis, concurrent inflammatory responses and immunosuppression can occur (Osuchowski et al., 2012; Hotchkiss et al., 2013). Nowadays, more patients survive the initial stage of sepsis owing to the development of early sepsis detection and treatment, though others have to stay in an intensive care unit for a long time, and experience a persistent inflammatory response, immunosuppression, malnutrition, muscle weakness characterized by myolysis, and sometimes death. Therefore, some researchers have put forward the concept of persistent inflammation, immunosuppression, and metabolic failure syndrome (PICS) (Gentile et al., 2012). According to this theory, after simultaneous inflammation and immunosuppression, the sepsis patient may recover immune homeostasis or develop an immunosuppression-induced secondary infection. The latter can result in a persistent inflammatory response and excessive energy consumption, causing further immune dysfunction and inflammatory responses (Delano and Ward, 2016; Mira et al., 2017; Nomellini et al., 2018).
Immunosuppression mainly manifests as decreased immune cell numbers and functions, including macrophage inactivation, decreased antigen presentation ability, and reduced lymphocyte proliferation (Delano and Ward, 2016). Additionally, inhibitory cytokine release is an important cause of immunosuppression (Kasten et al., 2010; Pillay et al., 2012). It is currently discovered that the organ dysfunction and high mortality rate among sepsis patients are mainly caused by the apoptosis of massive quantities of immune cells involved in the immune response (Fisher et al., 1996). Apoptosis is of great importance to immune homeostasis, but during sepsis, immune cell apoptosis can affect immune cell function and induce immune paralysis. In this situation, the risk of secondary infection significantly increases, and the mortality rate increases accordingly.
Neutrophils
Neutrophils are important components of the innate immune system. They play a crucial role in suppressing and eradicating microorganisms and the survival of sepsis patients. They constitute the majority of cells in the bone marrow, and are the first immune cells to respond to foreign invaders in humans (Kolaczkowska and Kubes, 2013), representing important participants in the normal innate and adaptive immune responses.
After maturation in the bone marrow and entrance into the circulatory system, neutrophils can only survive for several hours. During this time, they clear extracellular pathogens mainly through direct phagocytosis and extracellular release of bactericidal substances (Davey et al., 2014). In recent years, research has indicated that neutrophils can also form neutrophil extracellular traps (NETs), which are primarily composed of networks of DNA from the neutrophils, to clear pathogens. NETs can restrict the supply of important nutrients required for pathogens, and they can physically restrain microorganisms. Moreover, histone and granulin in the NETs enable them to kill pathogens (Brinkmann et al., 2004).
In sepsis, the number, phenotype, and function of circulatory neutrophils are altered. In early sepsis, neutrophils can rapidly migrate from the bone marrow and, within several hours, the number of neutrophils can increase by 10-fold compared to under normal conditions (Manz and Boettcher, 2014). Additionally, the proportion of immature neutrophils in patients with septic shock increases (Demaret et al., 2015). These cells have a different phenotype and morphology from mature neutrophils, and much poorer functional performance (such as phagocytosis). Circulating immature neutrophils in patients with severe sepsis and septic shock have poor innate immunity performance (Drifte et al., 2013). Changes in the number and function of immature neutrophils increased the risk of death in septic shock patients (Demaret et al., 2015). Neutrophils had enhanced oxidative burst and phagocytosis functions, but their chemotaxis ability was greatly suppressed in sepsis (due to downregulation of integrin, selectin, and chemokine receptors, which altered their in vitro migration in relation to various chemical attractants) (Demaret et al., 2015). This reduced chemotaxis was even more obvious among patients who died of sepsis (Demaret et al., 2015), which is consistent with other research (Tavares-Murta et al., 2002). Additionally, an immunosuppressive neutrophil subset (CD16hiCD62low) was found in the blood of LPS-exposed subjects (Pillay et al., 2012). This subset might suppress T cell proliferation and function and might be involved in sepsis-related immunosuppression.
During sepsis, the cell membrane of neutrophils became stiffer and transformation-resistant, which was closely related to the severity of sepsis (Czaikoski et al., 2016). As a result, neutrophils accumulated in capillary beds, resulting in microvascular occlusion, especially in capillaries in the lungs and hepatic sinusoids (Czaikoski et al., 2016).
Delayed neutrophil apoptosis also occurs in sepsis, which may result in tissue injury and MODS (Hotchkiss and Nicholson, 2006). Inflammatory mediators such as granulocyte/macrophage colony-stimulating factor (GM-CSF) and IL-18 can regulate pro- and anti-apoptotic genes to regulate apoptosis (Tian et al., 2016). Notably, the upstream regulatory factors of these apoptotic mediators also participate in the delayed neutrophil apoptosis in sepsis.
During sepsis, neutrophils are recruited into the infection site as the first line of defense against bacterial and fungal pathogens. The classical white blood cell recruitment cascade includes retention, rolling, adhesion, crawling, and membrane penetration (Takatani et al., 2018). However, in sepsis, this reaction is disordered, accompanied by impaired recruitment of neutrophils into the infection site, and impaired neutrophil migration (Shen et al., 2017). This may be related to the downregulation of nitric oxide (NO) and inducible nitric oxide synthase (iNOS) (Shen et al., 2017), but the complete mechanism underlying the dysregulated neutrophil migration direction in sepsis remains unclear.
In sepsis, NETs serve as a double-edged sword, as they can trap pathogens but excessive NETs can cause organ injury and coagulation disorder (Czaikoski et al., 2016). Taken together, these phenotypic and functional changes of neutrophils in sepsis reduce the pathogen clearance rate, increase the risk of secondary (e.g., nosocomial) infection, and lead to poor prognosis.
Mononuclear Macrophages
Mononuclear macrophages, including pre-monocytes in the bone marrow, monocytes in the peripheral blood, and fixed or free macrophages in tissues, are an important component of the innate immune system (Ardura et al., 2019). Typically, macrophages are derived from monocytes in the blood, whereas monocytes are derived from precursor cells in the bone marrow. Mononuclear macrophages are important cells in non-specific immune defense. They can non-specifically engulf and kill multiple pathogens. When pathogens invade the sterile environment of the body, mononuclear macrophages can recognize, engulf, and kill them in a process that can involve antigen presentation, and the mononuclear macrophages can also release inflammatory mediators to regulate the adaptive immune system (Hotchkiss et al., 2013). Most thymus-dependent antigens are engulfed and processed by macrophages, are used to form antigen peptide–major histocompatibility complex (MHC) complexes, and get expressed on the cell surface and presented to T cells. There are numerous adhesion molecules on the macrophage surface that can bind to the co-stimulatory receptors on T cells to produce a co-stimulatory signal, induce T cell activation, and initiate an immune response. Thus, mononuclear macrophages are not only a major factor in innate immunity, but they are also a bridge connecting innate and adaptive immunity. Sepsis is a complex syndrome involving both innate and adaptive immune responses, and it is of particular importance to explore the origin, differentiation, and function of macrophages during sepsis occurrence and development.
The most significant influence of sepsis on mononuclear macrophages is that it impairs their response to subsequent LPS stimulation or other inflammatory stimulation, which is called the endotoxin tolerance phenomenon (Venet and Monneret, 2018). Endotoxin-tolerant monocytes have weakened antigen presentation function and chemotaxis, but their killing and pathogen endocytosis abilities remain unchanged. In sepsis, mononuclear macrophages release fewer pro-inflammatory factors and more anti-inflammatory factors (Yang et al., 2013). This has been confirmed by analyzing the gene expression in monocytes from the blood of sepsis patients and macrophages from tissue, which exhibit upregulation of anti-inflammatory genes and downregulation of pro-inflammatory genes (Monneret et al., 2004; Cavaillon and Adib-Conquy, 2006; Biswas and Lopez-Collazo, 2009).
Human leukocyte antigen-DR (HLA-DR) on the monocyte surface is the key molecule involved in foreign antigen processing and presentation. When pathogenic microorganisms invade the body, the body immediately initiates an immune response, and then monocytes and other APCs present antigen components to specific lymphocytes with the assistance of HLA-DR. During sepsis, monocytes downregulate surface HLA-DR, indicating immune paralysis in relation to monocytes (Cazalis et al., 2013). Monocytes with HLA-DR downregulation exhibit impaired pro-inflammatory cytokine release, antigen presentation, and induction of T cell proliferation (Wolk et al., 2000). HLA-DR expression on the monocyte surface is of great value in predicting the prognosis of sepsis patients with immuno-inflammatory dysfunction (Volk et al., 1996; Lekkou et al., 2004).
During sepsis, macrophages can differentiate into M2 macrophages. These differentiated macrophages produce arginase-1, which converts arginine into urea, thus suppressing iNOS-induced NO production from arginine and thereby decreasing the killing of pathogens. Therefore, in the late stage of sepsis, the body has a weakened ability to resist pathogens; in other words, the occurrence of immunosuppression may be related to the M2 differentiation of macrophages (Lawrence and Natoli, 2011).
DCs
First discovered by the Canadian researcher Steinman in 1973, DCs are the most potent APCs. They are named because they have numerous dendrite- or pseudopodium-like protrusions when they mature. They highly express cell-surface MHCII molecules. They are derived from bone marrow multipotential hematopoietic stem cells, and they are highly heterogeneous and extensively distributed at sites such as the skin, airways, and lymphoid organs. DCs are the most potent specialized APCs in the body, and they effectively absorb, process, and present antigens. Immature DCs show strong migration ability, whereas mature DCs can effectively activate primary T cells and play a central role in initiating, regulating, and maintaining the immune response. DCs can migrate to lymphoid organs, stimulate primary T cell proliferation, and exhibit relatively specific surface markers. Therefore, DCs, which are extensively distributed in lymphoid and non-lymphoid tissues, are considered the initiators of the immune response and maintain homeostasis in the body (Heath and Carbone, 2001; Steinman and Banchereau, 2007). Generally, DCs can be classified as classical DCs (cDCs) and plasmacytoid DCs (pDCs). The former are mainly derived from myeloid progenitor cells, and they mainly express CD11c and MHCII on their surface. Once tissue injury or pathogen invasion is detected, cDCs upregulate the surface co-stimulatory molecules CD80 and CD86, secrete the pro-inflammatory cytokines IL-6 and TNF-α, and rapidly migrate to lymph node T cell zones to initiate a T cell-mediated adaptive immune response. In contrast, pDCs represent the major source of type I IFN (Geissmann et al., 2010; Bouras et al., 2018).
The reduced DCs number and dysfunction are key causes underlying sepsis-related immunosuppression and secondary infection or even death. Splenic and circulatory DC counts significantly decrease in sepsis patients, with both pDCs and cDCs being affected (Guisset et al., 2007; Grimaldi et al., 2011; Dreschler et al., 2012). Moreover, the number of circulatory DCs was markedly decreased in sepsis patients who died compared to those who survived (Guisset et al., 2007; Grimaldi et al., 2011). In a mouse model of cecal ligation puncture-induced sepsis, the total splenic cell count decreased by 50% at 2 days after sepsis, while CD11c + cDC and CD11c-B220 + CD19−pDC counts decreased by 75 and 50%, respectively, compared to the counts in the control group. The reduced DC count directly causes insufficient CD8+ T cell activity (Strother et al., 2016). The reduced DC count is currently thought to be induced by enhanced sepsis-related apoptosis. Importantly, the changes in DC count and function last for several weeks after hospital admission (Wen et al., 2008), and it takes several months for them to return to normal levels after sepsis.
As mentioned, during sepsis, DC functions are also changed. In the remaining circulatory DCs in sepsis patients, HLA-DR, CD80, and CD86 are downregulated, while IL-10 production is increased (Faivre et al., 2012), which is consistent with their reduced ability to induce effector T cell responses and their ability to prevent the response of T cells and the proliferation of Treg cells (Faivre et al., 2007; Wen et al., 2008). These DCs express a low level of IFN regulatory factor 4 (IRF4), which is directly related to their antigen presentation ability (Roquilly et al., 2017). Additionally, during sepsis, DCs produce lower levels of pro-inflammatory cytokines (such as IL-12 and TNF-α) and higher levels of anti-inflammatory cytokines (such as IL-10 and TGF-β) (Wen et al., 2008; Faivre et al., 2012; Roquilly et al., 2017). Normally, DCs activated at 6–24 h after bacterial infection can induce neutrophil, NK cell, and mononuclear macrophage immune responses. However, during sepsis, DCs undergoing immune paralysis may lead to decreased scavenging of bacteria by innate immune cells, including NK cells. Much data suggests that the mechanisms underlying DC dysfunction include apoptosis induction, Wnt signaling pathway activation, reactive oxygen species (ROS) production, TLR-dependent signaling, and abnormal epigenetic regulation (Wu et al., 2017).
NK Cells
NK cells were discovered in humans and mice in the 1970s. They are innate immune cells that are also called congenital lymphocytes. Unlike T and B cells, NK cells are lymphocytes that can non-specifically kill tumor cells and virus-infected cells with no need for sensitization in advance. The exact origin of NK cells remains unclear, though they are generally considered to be directly derived from the bone marrow, and their differentiation and development are dependent on the bone marrow and thymus microenvironments. NK cells are the key effector cells in the innate immune system. They are similar to large granular lymphocytes in terms of their morphology, and their volume is twice that of red blood cells. They are extensively distributed in diverse tissues, mainly the abdominal cavity, placenta, and uterine mucosa, and especially the liver. CD3−CD56+ cells are generally considered NK cells, which account for about 5–20% of monocytes in the blood (Cossarizza et al., 2017). NK cells can produce rapid and non-specific innate immune responses to cancer cells and cells infected with intracellular pathogens (Campbell and Hasegawa, 2013; Padro and Luong, 2016). Moreover, NK cells play important roles in initiating the host defense and regulating the innate and adaptive immune responses. In addition to cytotoxic effects, NK cells can secrete pro-inflammatory cytokines, such as TNF-α and IFN-γ, which can enhance the pro-inflammatory and anti-microbial functions of other white blood cell populations (Guo et al., 2018). Based on the cell-surface expression of CD56 and CD16, NK cells can be divided into CD56dimCD16bright and CD56brightCD16−/dim NK cell subsets. Typically, the former possesses stronger cytotoxicity and expresses higher levels of killing immunoglobulin receptor (KIR), whereas the latter exhibits improved proliferation and IFN-γ and TNF-α secretion in response to pro-inflammatory cytokine stimulation (Kumar, 2019).
Many studies indicate that the number of NK cells decreases during sepsis, which is related to poor prognosis, including death. One study reported that the NK cell count decreased in the blood of sepsis patients within 24 h of onset (Boomer et al., 2012). Another study reported that the number of NK cells in sepsis patients continuously decreased in the first 14 days after hospitalization, and the NK cell number was markedly decreased in Gram-negative sepsis patients compared to Gram-positive patients (Holub et al., 2000). The number of NK cells may be related to the increased apoptosis and the migration of NK cells from the peripheral blood to the infection site during infection.
NK cells also show dysfunction during sepsis. NK cell functions, such as cytotoxicity and cytokine secretion (IFN-γ), significantly decrease during sepsis in mice and patients (Forel et al., 2012). Similarly, the expression of surface receptors expressed on immune competent cells, such as NKG2D are lower in sepsis patients than non-sepsis patients, which may reduce NK cell cytotoxicity (Kjaergaard et al., 2015). This persistent NK cell dysfunction may be closely associated with sepsis-induced immunosuppression. Persistent NK cell depletion and dysfunction may impair the host defense against pathogens. As a result, sepsis patients are more susceptible to secondary infection and viral reactivation.
Although NK cells are of great significance in early infection control, their excessive response amplifies the inflammation and results in organ and tissue damage. Some studies suggest that, during infection or endotoxin attack, NK cells represent the promoter of systemic inflammation. In the process of sepsis, NK cells may be excessively activated and produce excessive amounts of IFN-γ and TNF-α, thus leading to systemic inflammation aggravation, MODS, and an increased risk of mortality (Sherwood et al., 2003; Sherwood et al., 2004; Tao and Sherwood, 2004). Suppressing NK cell function by knocking out IL-15 significantly improved the survival rate of septic mice (Guo et al., 2017). In addition, sepsis patients with a reduced number of NK cells have a higher survival rate (de Pablo et al., 2012). These results reveal that the excessive activation of NK cells results in poor prognosis of sepsis patients. The adverse effects of NK cells are mediated by their ability to amplify the pro-inflammatory response or directly cause organ injury, possibly via cytotoxicity.
Lymphocytes
When the innate immune system is insufficient to defend against pathogens, the adaptive immune response, dominated by T and B cells, is of particular importance. B cells mainly mediate humoral immunity. They can produce antigen-specific antibodies with the assistance of T cells. These antibodies can neutralize toxins, activate the complement system, and facilitate phagocytosis of pathogens by mononuclear macrophages. T cells mainly mediate cellular immunity, so they play an important role in killing various pathogens. T cells are mainly derived from bone marrow lymphoid stem cells. After differentiation, growth, and maturation in the thymus, they are distributed to the systemic immune organs and tissues via the lymphatic and blood circulation to exert immune functions. Using cell-surface T cell receptors, T cells can recognize microbial peptides bound to MHC molecules on APCs, including mononuclear macrophages and DCs, thus inducing a primary immune response. Pluripotent stem cells can transform into lymphoid progenitor cells and migrate to the thymus. Thereafter, thymosin induces them to undergo a series of orderly differentiation processes and gradually form a T cell library that can recognize diverse antigens.
T cells can be divided into “helper” CD4+ T cells and “killer” CD8+ T cells, based on their different growth paths and biological functions. Naive CD4+ T cells released from the thymus further differentiate into effector T cells and Treg cells. Depending on the different cytokines secreted, effector T cells can be classified into Th1, Th2, and Th17 cells. Th1 and Th17 cells produce pro-inflammatory mediators, whereas Th2 cells generate anti-inflammatory factors. Moreover, T cells can exhibit an immune memory phenotype (Xie et al., 2019).
The lymphocyte count in the circulation significantly decreases within 24 h after the diagnosis of sepsis. Based on the autopsy results of sepsis patients, large quantities of immune cells in the spleen of patients dying of sepsis underwent apoptosis, including CD4+ T cells, CD8+ T cells, B cells, and DCs (Boomer et al., 2011), which is an important cause of sepsis-related immune paralysis. Moreover, compared to naive T cells, memory T cells are more susceptible to apoptosis during sepsis. In septic mice, the numbers of memory CD4+ and CD8+ T cells in the spleen significantly decreased (Xie et al., 2019). The T cell apoptosis mechanisms include upregulation of pro-apoptotic protein Bim and downregulation of anti-apoptotic protein Bcl-2 (Weber et al., 2008), and Bcl-2 and Bcl-xL upregulation improves the prognosis in animal models of sepsis (Schwulst et al., 2008). Additionally, extracellular HMGB1 induces T cell apoptosis via the intrinsic apoptosis pathway, while upregulation of Mitofusin 2 (Mfn2) protects T cells (Zhao et al., 2012; Wu et al., 2014).
The non-apoptotic CD4+ and CD8+ T cells in sepsis cases display inactivity or failure, with large phenotypic and functional impairments. Clinical research has shown that inhibitory molecules are upregulated in T cells in sepsis patients, and T cells have reduced secretion of cytokines. Further, autopsy results suggest that CD69, PD-1, and CD25 on T cells from the spleen of patients dying of sepsis were upregulated, whereas CD127 and CD28 were downregulated (Boomer et al., 2011). Further research indicated significant upregulation of co-inhibitory receptors, such as PD-1, cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), B and T lymphocyte attenuator (BTLA), T cell immunoglobulin mucin03 (TIM-3), and lymphocyte activation gene-3 (LAG-3), on T cells from the blood of sepsis patients (Boomer et al., 2012). Epigenetic reprogramming also participates in T cell dysfunction during sepsis. In septic mice, histone methylation and chromatin remodeling are observed in the promoters of genes that encode adhesive protein Annexin-A1 (ANXA1) and GATA-binding protein 3 (GATA-3), leading to lymphocytic incompetence (Huang et al., 2016). The upregulation of T cell co-inhibitory receptors, the reduced secretion of cytokines, and epigenetic reprogramming jointly result in T cell exhaustion, which is another important mechanism underlying immune paralysis in the late stage of sepsis.
Another type of immune cell in sepsis deserving our attention is Treg cells. These cells can secrete the anti-inflammatory factor IL-10 and suppress the excessive inflammatory response in early sepsis (Mosser and Zhang, 2008). However, some researchers believe that in the immune paralysis stage of sepsis, the increased Treg cell proportion and their inhibitory function may aggravate immunosuppression in sepsis, leading to PICS (Tatura et al., 2015). Despite this, one study showed that the survival rate of septic mice did not increase after Treg cell depletion using anti-CD25 antibody (Hein et al., 2010). Likewise, Increased natural CD4+CD25+ regulatory T cells and their suppressor activity did not affect the mortality of septic mice (Scumpia et al., 2006). Moreover, at 24 h after sepsis, both Treg cell-deficient and wildtype mice exhibited a strong inflammatory response, along with immune cell migration toward the peritoneum and bacterial seeding (Kühlhorn et al., 2013). However, in the late stage of sepsis, the wildtype mice rapidly recovered from sepsis compared to the Treg cell-deficient mice (Kühlhorn et al., 2013). Therefore, although increasing the Treg cell proportion in early sepsis may be beneficial to suppress the inflammatory response, excessive Treg cell suppression in the late stage appears to be detrimental; nonetheless, this hypothesis requires more evidence from basic and clinical research.
PATHOPHYSIOLOGICAL MECHANISMS OF SEPSIS
Imbalance Between SIRS and CARS
As a result of the in-depth understanding of sepsis, SIRS and CARS are now known to be able to occur at the same time in the early stage (László et al., 2015; Taeb et al., 2017). The combined effect of the two states can cause tissue damage. SIRS is predominant in the early stage, which can lead to symptoms such as high fever, tachypnea, hypotension, and tachycardia (van der et al., 2017). During this stage, M1 macrophages release excessive pro-inflammatory cytokines, such as IL family members (IL-1, IL-3, IL-6, IL-8 etc.), TNF-α, and IFN-γ, which aggravate the immune damage (Liu et al., 2014). In most cases, the innate immune response can eliminate the invading pathogens. However, when the pathogens dominate, the host response may become unbalanced.
With the progress of sepsis, the inflammatory reaction gradually changes from overactivation to immunosuppression, with the main manifestations being decreased immune cell counts and dysfunction. As the number of immature neutrophils increases, their ability to engulf pathogens decreases, which seriously affects the removal of pathogens and the body’s resistance to pathogens (McDonald, 2018). M2 macrophages secrete high levels of anti-inflammatory cytokines, such as IL-4 and IL-10, thereby reducing the immune function (Liu et al., 2014; Chen et al., 2019). During this stage, regarding the adaptive immune system, T cell apoptosis increases, Treg cell proportionincreases, and a Th1/Th2 imbalance occurs (Luan et al., 2015; Yoon et al., 2017). Under the combined action of the abovementioned mechanisms, the body loses its normal immune function and gradually enters the phase of immune paralysis or immunosuppression. DAMPs can be recognized by and activate the PRRs of many PAMPs, leading to vicious cycles of persistent immune activation and organ dysfunction (Chan et al., 2012; Deutschman and Tracey, 2014). With the advancement of monitoring and treatment technologies, some sepsis patients can survive the acute phase but develop the chronic critical illness PICS.
Immune Dysfunction and Autophagy
Autophagy refers to the orderly spontaneous death of cells after stimulation in order to maintain homeostasis of the internal environment, involving multiple proteins and organelles. It is also involved in the interactions between the immune system and pathogens. The extremely complex pathophysiological process of sepsis involves not only an inflammatory reaction imbalance and immune dysfunction but also the dysregulation of autophagy. The occurrence and development of abnormal autophagy are closely related to MODS in sepsis patients.
Autophagy is activated in the early stage of sepsis and then enters a restricted phase. The functions of autophagy are to protect sepsis patients from developing MODS by preventing apoptosis, maintaining the balance between pro-inflammatory and anti-inflammatory cytokine production, and ensuring optimal mitochondrial function. When these processes are out of balance, sepsis and organ dysfunction occur (Ho et al., 2016). Autophagy can be triggered by inhibiting nicotinamide phosphoribosyltransferase (NAMPT) and reducing the secretion of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6 (Li et al., 2018). Macrophages with autophagy-related 16-like 1 (Atg16L1) deficiency oversecrete IL-1β and IL-18 under LPS stimulation (Saitoh et al., 2008). Additionally, autophagy-deficient monocytes without Atg7 exhibit mitochondrial dysfunction, resulting in excessive secretion of IL-1β (van der et al., 2014). Furthermore, deletion of the key autophagy gene light chain 3 (LC3) in two mouse models of sepsis (cecal ligation puncture and intraperitoneal LPS injection) exhibited significantly increased IL-1β and IL-18 secretion (Nakahira et al., 2011). This suggests that autophagy deficiency participates in sepsis by leading to an increase in the release of inflammatory factors. The reduction in autophagy promotes the inflammatory reaction and leads to cell death, which further aggravates sepsis (Zhang et al., 2018).
Autophagy in the innate immune system plays important protective roles in infectious, autoimmune, and inflammatory diseases. In sepsis, macrophages express surface receptors, identify pathogens, and release a large quantity of pro-inflammatory factors, thereby enhancing autophagy, which in turn negatively regulates macrophages. Macrophage polarization decreases inflammasome activation and inflammatory factor release, thereby exerting a protective effect. Autophagy inhibition or even lack of macrophages was observed in the experiment. The number of damaged mitochondria increased, producing an excessive amount of ROS. The number of damaged phagosomes containing bacterial components also increased. These increases activated NOD-like receptor family pyrin domain-containing 3 protein (NLRP3), which induced an inflammatory reaction. Increased autophagy can reduce the inflammatory reaction mediated by this pathway, protecting the organism (Qiu et al., 2019).
As a type of white blood cell, neutrophils play an important role in the immune response. Research using phorbol 12-myristic 13-acetate (PMA) to stimulate neutrophils obtained from patients with early-stage sepsis showed that promoting autophagy increased NET formation. The protective functions of NETs include removing microorganisms and participating in the inflammatory reaction (Park et al., 2017).
In addition to affecting innate immune cells, autophagy’s protective effect also includes adaptive immune cells, involving a variety of cellular receptors and intracellular signaling pathways. Autophagy can maintain homeostasis by regulating T cells. For example, CD4+ T cells can undergo autophagy in response to environmental changes to alter their biological functions (Jacquin and Apetoh, 2018). In a mouse model of cecal ligation puncture-induced sepsis with T cell-specific deletion of a mouse-specific autophagy gene (Atg7 or Atg5), peripheral CD4+ and CD8+ T cells rapidly underwent apoptosis and the number of secondary lymphoid organs decreased (Oami et al., 2017). Even with antigen stimulation, the T cells were unable to proliferate (Oami et al., 2017). In this model, reduced autophagy inhibited T cell activation, ultimately increasing the bacterial load (Oami et al., 2017). The increased mortality of the mice shows that autophagy-deficient T cells can cause immune dysfunction in sepsis (Oami et al., 2017).
Autophagy has dual effects in the body. Under mild stimulation, autophagy promotes cell survival by acting as a quality control mechanism. Under severe or chronic stimulation, excessive or insufficient autophagy can cause excessive self-degradation and accumulation of toxic substances, which can lead to cell death. Therefore, treating sepsis-related organ injury by regulating autophagy may become an effective sepsis treatment in the future. Autophagy regulation differs between different organs, which exhibit different physiological levels of autophagy and functions related to autophagy. Current studies on autophagy are still in the basic research stage, and the regulatory mechanisms at the cellular level need to be identified. Furthermore, the mechanisms underlying the transformation of autophagy from being protective to promoting cell death remain unclear, and further exploration is required using both animal experiments and clinical trials.
Gene Polymorphisms
Gene polymorphism refers to the variation of gene sequences in the same population. Gene polymorphisms determine the susceptibility or tolerance of the body to stress stimuli and the diversity of clinical manifestations and drug therapeutic effects, thus further affecting an infected host’s gene expression and prognosis (Behnes et al., 2013; Thompson et al., 2014). With the deepening understanding of genomics, genetic differences are considered to be the internal basis for the occurrence and development of many diseases. Sepsis is caused by the joint action of environmental and genetic factors, and its occurrence and development can be independently or synergistically affected by various genetic variations.
The mechanisms underlying the effects of gene polymorphisms on sepsis have not yet been clarified. Current research on sepsis-related gene polymorphisms mainly involve TNF family members, IL family members, heat shock protein 70 (HSP70) (Giacconi et al., 2014), CD14, plasminogen activator inhibitor (PAI-1), and mannose-binding lectin (MBL) (Özkan et al., 2012; Mao et al., 2017). Polymorphisms of these genes are closely associated with 28-days mortality among sepsis patients (Mansur et al., 2015; Giamarellos-Bourboulis and Opal, 2016). Studies on the relationships between gene polymorphisms and sepsis can not only reveal the pathogenesis of sepsis at the gene level, but also provide a new theoretical basis for the early identification of sepsis and MODS, gene therapy, and prognostic prediction. Genetic studies have shown that host genetic variants can be used as biomarkers of sepsis susceptibility. In addition, recent research has shown that rare harmful gene variants can predict the post-sepsis course and some may even have protective effects (Taudien et al., 2016). Haplotype variations related to TNF-α can prevent patients with SIRS from developing sepsis (Retsas et al., 2018). However, these variations have no effect on disease severity or mortality, so the associations between gene polymorphisms and sepsis prognosis need further study.
MODS
It is rare that sepsis causes dysfunction of a single organ, as it can affect almost all organs of the body. In clinical practice, the six commonly evaluated organ systems are the cardiovascular, respiratory, renal, nervous, blood, and liver systems. The sequence usually involves dysfunction of the respiratory and cardiovascular systems, impairment of liver and kidney function and blood coagulation, followed by disorders of the gastrointestinal and central nervous systems. As the number of failing organs increases, the mortality rate increases (Vincent et al., 2006; Sakr et al., 2012). Sequential Organ Failure Assessment (SOFA) is used to objectively quantify organ dysfunction, and it is a valuable indicator of prognosis (Vincent et al., 1996).
Patients with sepsis usually suffer from coagulopathy, which often causes thrombocytopenia and even disseminated intravascular coagulation (DIC) in the late stage of the disease, leading to significant deterioration. This is mainly due to the activation of the coagulation pathway, the inhibition of the anticoagulation pathway, and the reduced fibrinolytic system function (Tsao et al., 2015; Lipinska-Gediga, 2016). Endothelial cells play an important role in regulating the vasomotor tone, movement of cells in and out of tissues, blood coagulation system, and balance of inflammation and anti-inflammatory signals. In sepsis, endothelial cell dysfunction can cause extensive tissue edema, which further aggravates the condition (Aird, 2003). In severe sepsis, changes in endothelial cells are closely related to changes in the barrier function of many organs. The dysfunction of the alveolar epithelial barrier and pulmonary interstitial and alveolar edema can cause acute respiratory distress syndrome (Matthay et al., 2012). The combined destruction of the endothelial and epithelial barriers is the major mechanism underlying extensive organ dysfunction. This can cause bacterial translocation due to intestinal dysfunction and intestinal injury triggered by digestive fluids. Acute kidney injury is also common in severe sepsis (Alobaidi et al., 2015). The mortality of sepsis patients with acute kidney injury or DIC was 2–3 times higher than that of patients with sepsis only (Kudo et al., 2018).
The prevention and treatment of MODS in sepsis mainly involves early monitoring and identification, drug treatments, and organ function support, such as mechanical ventilation, blood purification, and extracorporeal membrane oxygenation (ECMO).
IMMUNOTHERAPY FOR SEPSIS
The process of understanding sepsis has been very complex, and it was previously suggested that sepsis mainly occurs due to an excessive inflammatory immune response of the host to infection. Consequently, in the 1990s, many clinical studies focused on restricting excessive inflammation, but substantial success was not achieved. These disappointing results, together with the advances in the understanding of the pathophysiology of sepsis, have allowed sepsis to be recognized as a dysregulated inflammatory response, rather than excessive inflammation. Restoring immune homeostasis may be beneficial for sepsis patients. Constructing and optimizing a dynamic immune system treatment regimen based on anti-infection treatment, fluid replacement, organ function support, and timely use of immunomodulatory interventions may improve the prognosis of sepsis patients.
Drugs to Reduce the Cytokine Storm
Regarding the sepsis-related cytokine storm, the cytokines that induce excessive pathological inflammation remain unclear. Thus, antibiotics remain the major means of treatment. Currently, clinical trials have not shown cytokine-specific monoclonal antibodies to be effective. However, research is being conducted on glucocorticoids, cytokine antagonists, ulinastatin, and blood purification to reduce the cytokine storm.
Glucocorticoids
Glucocorticoids have been used for a few decades to treat sepsis, and their advantages and disadvantages remain disputed. Their major function is to downregulate genes regulating the inflammatory response (including NF-kB and AP-1) to suppress innate immunity (Heming et al., 2018). However, some key mechanisms of action remain unclear. Hydrocortisone can reduce the serum levels of pro-inflammatory mediators (TNF, IL-1, IL-6, and IL-8) in patients with septic shock, while inhibiting the activation of endothelial cells (based on the level of soluble E-selectin) and neutrophils (Keh et al., 2003; Oppert et al., 2005). A recent multicenter, double-blind, factorial randomized controlled trial (RCT) suggested that hydrocortisone combined with fludrocortisone compared to placebo improved the 90-days mortality rate of sepsis patients (Annane et al., 2018). However, no clinical trial has verified that hydrocortisone monotherapy can improve the survival rate of septic shock patients (Heming et al., 2018). The 2018 Guidelines for Emergency Treatment of Sepsis and Septic Shock in China state that intravenous injection of 200 mg hydrocortisone can be used in patients with unstable hemodynamics after the use of vasoactive drugs and fluid replacement (Cao et al., 2018). Hopefully, multicenter RCTs will be carried out to determine the safety and effectiveness of glucocorticoids for treating sepsis.
Cytokine Antagonists
The pathogenic process of sepsis is accompanied by the production of excessive cytokines to regulate the immune–inflammatory response of the body. Therefore, theoretically speaking, it seems to be a promising strategy to modulate these cytokines to reduce the disadvantages of the sepsis-related host response. However, in the 1990s, the use of the fusion proteins TNF receptor–Fc and p55 TNF receptor–IgG to antagonize TNF was not shown to reduce the mortality rate of septic shock patients (Fisher et al., 1996; Abraham et al., 1997). In another study, when the serum IL-6 level in patients was >1,000 pg/ml, the 28-days mortality rate significantly decreased when the neutralizing anti-TNF-α antibody afelimomab was used to adjust IL-6 to appropriate levels (Panacek et al., 2004). However, patients with a low IL-6 level did not benefit from this treatment (Panacek et al., 2004). In the treatment of critical COVID-19 patients, the anti-IL-6 receptor (IL-6R) antibody tocilizumab, which can bind to both membrane-bound and soluble IL-6R, blocked downstream signal transduction and improved the prognosis (Xu et al., 2020). In another two studies, anti-IL-6 antibody combined with corticosteroids was more beneficial than the monotherapies (Remap-Cap et al., 2021; RECOVERY Collaborative Group, 2021).
Although many experiments involving mice with sepsis suggest that the use of antibodies against pro-inflammatory cytokines can antagonize their activities, alleviate the inflammatory response, and thus improve the survival rate, these therapies have not achieved satisfactory effects in sepsis patients (Fisher et al., 1996).We believe that if administered at an appropriate time point, cytokine regulation is definitely beneficial for some patients. However, if the inflammatory cascade has already passed the irreversible point, anti-cytokine treatment may not provide more benefits. Additionally, it is inadvisable to block some cytokines at the early stage of the disease. This is because many cytokines are major regulators of inflammation and immunity, and anti-cytokine treatment at the early stage of infection may block beneficial immune responses. Consequently, we believe that the timing, dosage, and target cytokine levels are the keys to successful therapeutic effects of anti-cytokine treatment in sepsis patients.
Ulinastatin
Ulinastatin is a natural anti-inflammatory substance found in vivo. It suppresses the production and release of inflammatory mediators to protect the vascular endothelium, and it can be used to treat sepsis-related acute circulatory failure. Ulinastatin can reduce the pro-inflammatory levels (including TNF-α, IL-6, and IFN-γ), increase the anti-inflammatory factor IL-10 level (Tao et al., 2017), and promote the balance between pro-inflammatory and anti-inflammatory responses, thus blocking the cytokine storm induced by the vicious circle of inflammatory responses. Animal studies suggest that high-dose ulinastatin achieves a comparable anti-inflammatory effect to glucocorticoids (Xu et al., 2018). In 2017, a meta-analysis of eight RCTs suggested that ulinastatin combined with thymosin α1 (Tα1) in sepsis patients suppressed pro-inflammatory factor production, reduced the Acute Physiology and Chronic Health Evaluation (APACHE) II score, shortened the durations of mechanical ventilation, and improved the 28-days survival rate (Liu et al., 2017). In addition, it does not induce immunosuppression and causes fewer side effects than glucocorticoids.
Blood Purification
Continuous blood purification (CBP) has become an important means of life support treatment for critically ill patients. In patients treated with CBP, pro- and anti-inflammatory responses remain at low levels, which can block the cytokine storm at the early stage of sepsis, thus blocking the development of life-threatening sepsis (Bagshaw et al., 2008). Recent studies have focused on the use of plasma exchange for treating sepsis. A clinical study reported that therapeutic plasma exchange significantly reduced the pro-inflammatory cytokine levels and improved the hemodynamics of septic shock patients (Knaup et al., 2018). The blood purification techniques applied in the clinic can rapidly scavenge cytokines and inflammatory mediators in the body. However, relevant high-quality RCTs are lacking, and no treatments of this kind are currently recommended in sepsis treatment guidelines (Ronco et al., 2003).
Drugs to Enhance Innate Immunity
IFN-γ
IFN-γ is mainly produced by Th1 and NK cells, and it is the marker cytokine of Th1 cells. It can enhance the bacterial phagocytosis function of macrophages, promote scavenging of bacteria, and upregulate PRRs to accelerate antigen presentation by APCs (Burke and Young, 2019). In 1997, Döcke et al. (1997) first verified that IFN-γ treatment significantly upregulated mHLA-DR, enhanced TNF-α production by mononuclear cells. IFN-γ secretion after in vitro stimulation was impaired in peripheral blood mononuclear cells (PBMCs) from sepsis patients compared to those from healthy controls (Boomer et al., 2012). Moreover, IFN-γ secretion was decreased in PBMCs from sepsis patients who died compared to those from sepsis patients who survived. Regardless of these promising preliminary clinical results, special attention should be paid to the clinical safety of IFN-γ, as it is a pro-inflammatory cytokine.
GM-CSF
GM-CSF is a hematopoietic growth factor that stimulates the proliferation and differentiation of multiple immune cells from myeloid stem cells to mature granulocytes. During sepsis, GM-CSF can enhance the phagocytosis and antimicrobial activity of neutrophils and mononuclear macrophages to improve immunity (Borriello et al., 2019). In 2002, a randomized, double-blind, placebo-controlled phase II study showed that intravenous injection of low-dose GM-CSF (3 μg kg−1·d−1) improved the oxygenation index in sepsis patients with respiratory insufficiency, but it did not improve the 30-days survival rate (Presneill et al., 2002). In 2006, a double-blind, placebo-controlled RCT showed that low-dose GM-CSF (3 μg kg−1·d−1) reduced the antibacterial treatment duration, length of hospital stay, and infection-related complications in sepsis patients with abdominal infection (Orozco et al., 2006). These two clinical trials did not reduce the in-hospital mortality of sepsis patients. However, in sepsis patients, GM-CSF restored the HLA expression on mononuclear cells, and increased TNF release by white blood cells after LPS stimulation (Nierhaus et al., 2003). In 2009, a double-blind RCT showed that GM-CSF (4 μg·kg−1·d−1) significantly upregulated mHLA-DR and significantly reduced the durations of ventilator use, hospital stay, and intensive care unit stay, Compared with the control group of patients (Meisel et al., 2009). In 2018, a clinical trial of 10 patients treated with GM-CSF (3 μg·kg−1·d−1 on four consecutive days) showed that phagocytosis by neutrophils increased by 50%, which was significantly higher than the rate in the placebo group (Pinder et al., 2018). The study showed that GM-CSF may improved phagocytosis by innate immune cells, reduced the incidence of secondary infections, and thus improved the prognosis of sepsis patients. However, the optimum dose and treatment duration should be further explored.
Drugs to Enhance Adaptive Immunity
IL-7
IL-7 is produced in the bone marrow and thymus, and it is necessary for the maturation and survival of T cells. In septic mice, IL-7 reduced lymphocyte apoptosis, induced T cell proliferation, promoted the migration of white blood cells to the infection site, and improved the survival rate (Shindo et al., 2017). Recently, a prospective, randomized, double-blind,placebo-controlled phase II RCT on the therapeutic effect of recombinant human IL-7 (CYT107) in 27 septic shock patients with lymphopenia showed that the absolute lymphocyte count and CD4+ and CD8+ T cell counts significantly increased (Francois et al., 2018). Moreover, T cells maintained favorable activation, and CYT107 did not induce an excessive inflammatory response or aggravate organ dysfunction. This trial was the first on immunoadjuvant therapy in immunodeficient sepsis patients, and the results indicated the relative safety of IL-7. This treatment represents a potential new approach for treating sepsis patients by recovering adaptive immunity.
Immunoglobulin (Ig)
Ig is a natural protein secreted by B cells. It can be used to neutralize toxins in the body, reduce immune cell apoptosis, suppress inflammation, and mediate phagocytosis by macrophages. Therefore, supplementing with Ig may improve the prognosis of sepsis patients. Clinical studies on the effect of intravenous immunoglobulin (IVIg) in patients with sepsis (Werdan et al., 2007) and patients with severe SIRS after cardiac surgery (Werdan et al., 2008) showed that it did not reduce the mortality rate. RCTs obtained inconsistent results, and a meta-analysis of these studies did not indicate overall benefits. Therefore, IVIg was not recommended in the guidelines of the most recent Surviving Sepsis Campaign in 2016 (Rhodes et al., 2017). However, a meta-analysis in 2019 (19 studies with >150 patients) suggested that intravenous immunoglobulin rich in IgM (IVIgM) reduced the risk of death among sepsis patients (Kalvelage et al., 2019). This suggests that IgM-rich preparations might help to kill bacteria in the body, thus improving the prognosis of sepsis patients. The routine use of Ig for treating sepsis is not currently recommended, but Ig can be considered in sepsis patients with low Ig.
Thymosin α1 (Tα1)
Tα1 is an endogenous peptide secreted by organs such as the thymus. It is a natural small molecule that has important regulatory function in innate and adaptive immunity. It can activate DCs, improve NK cell activity, directly enhance macrophage-mediated phagocytosis and antibacterial effects, upregulate HLA-DR and programmed death ligand 1 (PD-L1) on mononuclear cells, increase the T cell count and activity, and enhance the antibacterial activity of Th1 cells (Camerini and Garaci, 2015; Van der et al., 2017). In recent years, a series of clinical trials on Tα1 for sepsis have been conducted in China. In 2013, a multicenter, single-blind RCT in China suggested that the 28-days mortality rate in the Tα1 group significantly decreased compared to that in the placebo group (26 vs. 35%, relative risk = 0.74), HLA-DR was significantly upregulated, and there were no severe adverse drug reactions (Wu et al., 2013). Therefore, the use of Tα1 may improve the prognosis of severe sepsis patients. In a recent retrospective cohort study of 334 critical COVID-19 patients at eight centers, Tα1 significantly increased the 28-days survival rate and improved the oxygenation index (Wu et al., 2020). A meta-analysis of 19 studies reported that Tα1 improves the prognosis of sepsis patients; unfortunately, the overall sample size was small. Therefore, we still need large high-quality RCTs to further verify the role of Tα1, optimal dose, treatment duration, and target population among sepsis patients.
Anti-PD-L1 Antibody/anti-PD-1 Antibody
Anti-Programmed death-ligand 1 (PD-L1) antibody/anti-programmed cell death -1 (PD-1) antibody can restore T cell function by blocking PD-1/PD-L1 signaling, and it is a novel anti-tumor immunotherapy regimen. Sepsis and cancer share many similarities regarding immune mechanisms. PD-1 and PD-L1 were significantly upregulated in mononuclear cells and CD4+ cells from septic shock patients compared to healthy subjects (Guignant et al., 2011; Shao et al., 2016). This upregulation was closely related to the high nosocomial infection and mortality rates. In mice with sepsis, this treatment suppressed apoptosis, reversed immune dysfunction, and improved the survival rate (Brahmamdam et al., 2010). Recently, a phase I RCT (NCT02576457, BMS-936559) of 24 patients with sepsis-related immunosuppression verified the safety of anti-PD-L1 antibody for treating sepsis (Hotchkiss et al., 2019). The patients received low-dose (10–100 mg) or high-dose (300–900 mg) treatment. The high-dose treatment significantly upregulated monocytic HLA-DR, and maintained this increase for over 28 days. There were no increased levels of cytokines (such as IL-6, IL-8, or IL-10). The study preliminarily verified the safety and potential effectiveness of anti-PD-L1 antibody/anti-PD-1 antibody treatment in sepsis patients with immunosuppression. However, the conclusions should be validated in phase II and III RCTs.
CONCLUSION AND PERSPECTIVES
With the deepened understanding of sepsis, it has gradually been realized that the initially useful anti-infection treatment may not resolve all the problems. Due to the inherent complexity of the inflammatory response, in addition to ensuring the correct anti-infection treatment, therapeutic strategies for sepsis should also consider the patient’s basic immune status, pathogen-induced immunological changes, cytokine levels, and the endothelial protection and nutrition and metabolic support required. Recent studies have indicated that the immune changes caused by sepsis can seriously affect prognosis. Further in-depth research on the immune mechanisms underlying sepsis is crucial to therapeutic breakthroughs. It is reasonable to develop immune monitoring and evaluation techniques along with individualized treatment regimens for sepsis patients according to their individual immunological characteristics.The use of correct anti-infection treatment, fluid replacement, organ function support, timely use of immunomodulatory interventions, and development of accurate biomarkers to guide the clinical management (rather than relying only on clinical manifestations) might improve the treatment of patients with sepsis (Figure 3).
[image: Figure 3]FIGURE 3 | The ideal treatment for sepsis is routine treatment throughout the course of disease, continuous immunity monitoring, and moderate immunnity intervention. Patients with early sepsis are classified into two types: non-inflammatory storm and inflammatory storm according to the monitoring of immune indexes on admission: patients without inflammatory storm are given routine treatment, and appropriate anti-inflammatory storm therapy is adopted for patients with inflammatory storm. Some patients may achieve immune homeostasis after treatment improvement, and continuous immune monitoring found that the other patients may develope immunosuppression with the prolonged course of disease, so immunostimulation therapy is needed to finally restore the immune homeostasis. The goal of immunotherapy in sepsis is to maintain immune homeostasis by continuously monitoring the time of intervention, guiding the dose and course of intervention.
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Aucuboside is an iridoid glycoside extracted from traditional Chinese medicine such as Rehmannia glutinosa, possessing a wide range of biological activities, including antioxidant, anti-aging, anti-inflammatory, and anti-fibrotic effects. The effects of aucuboside on inflammatory bowel disease (IBD) have not been studied. Therefore, the effects of aucuboside on the generation of Foxp3+ regulatory T (Treg) cells and IL-17–producing T helper (Th17) cells in colitis were studied. A mouse colitis model was established by intracolonic administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS) to mimic human IBD. The generation of Treg and Th17 cells was evaluated by flow cytometry. Aucuboside significantly alleviated colitis symptoms, including weight loss, high disease activity index, and inflammatory responses. The generation of Th17 cells in colitis was significantly inhibited by aucuboside and accompanied by the suppression of IL-17 expression. In Raw264.7 cells, the LPS-induced increase in IL-17 expression was also suppressed by aucuboside, which was significantly blocked by the RORγt inhibitor sr2211. In addition, the decrease in the proportion of Treg cells was also partially reversed by aucuboside, which may reflect the aucuboside-induced inhibition of Th17 cells. This previously unrecognized immunoregulatory function of aucuboside may have clinical applications in IBD.
Keywords: aucuboside, inflammation, Treg, Th17, colitis
INTRODUCTION
Inflammatory bowel disease (IBD) is an inflammatory disease of the colon with multifactorial etiology, including ulcerative colitis (UC) and Crohn’s disease (CD). IBD is characterized by periodic remission and deterioration (McDowell and Haseeb, 2019). The incidence of IBD worldwide varies between 0.5 and 24.5 per 100,000 people, while in China, the occurrence rate of UC is 11.6 and that of CD is 1.4 per 100,000 people (Sugimoto et al., 2008). IBD promotes significant gastrointestinal symptoms, such as bloody diarrhea, abdominal pain, anemia, and weight loss (Mateus et al., 2018; Siracusa et al., 2020). Fibrosis, obstruction, and cancer are complications of IBD that often affect the quality of life of patients (Zhang et al., 2021). Current medical therapies such as corticosteroids and immunomodulators are still limited by some severe side effects and complications. Therefore, it is still necessary to discover some more novel pharmacologic approaches.
The pathogenesis of IBD is multifactorial, with increasing evidence suggesting an important role in the balance between regulatory T cells (Treg) and Type 17 T helper cells (Th17) (Geremia et al., 2014). Th17, a subtype of CD4+ T cells, are pro-inflammatory T helper cells that play a dominant role in the production of pro-inflammatory cytokines, such as interleukin (IL)-17, IL-21, and IL-22, which serve as markers of inflammation (Nakae et al., 2003). Excessive IL-17 secreted by Th17 would recruit neutrophils and monocytes and increase the production of TNF-α and IL-1β, contributing to tissue damage and exacerbating inflammation in the gut (Kolls and Lindén, 2004; Korn et al., 2009). Another subtype of CD4+ T cells, Tregs, are immunosuppressive cells that participate in the regulation of colitis progression (Cao et al., 2004). Intercellular interactions and the secretion of IL-10 are the main pathways by which Tregs can regulate the inflammatory response (Rothstein and Camirand, 2015).
It is factually beneficial to uncover potential drugs/compounds to regulate the generation of Tregs in the treatment of IBD. Zhang et al. firstly reported that D-mannose, a C-2 epimer of glucose, stimulates Treg cell differentiation in human and mouse cells. Both aucuboside and D-mannose can be isolated from Lathraea squamaria L. (Swiatek and Dombrowicz, 1976); however, the effects of aucuboside on the generation of Tregs/Th17 cells were not studied. This study aimed to explore the effects of aucuboside on the generation of Tregs/Th17 cells in colitis.
Aucuboside used in this study was isolated from the traditional Chinese medicinal plant Eucommia ulmoides. Eucommia ulmoides exerts a wide range of biological activities including antioxidant, anti-aging, anti-inflammatory, and anti-fibrotic effects (Murakami et al., 2018). In this study, the effects of aucuboside on Treg/Th17 balance and aucuboside-induced Treg/Th17 balance in colitis were investigated. A mouse colitis model was established using intracolonic administration of 2,4,6-trinitrobenzene sulfonic acid (TNBS) to mimic human IBD.
MATERIALS AND METHODS
Reagents
Aucuboside (purity ≥98%) was obtained from Chengdu Pusi Biotechnology Co., Ltd. (Chengdu, China). Sulfasalazine (SASP) was purchased from Tianjin Kingyork Group Co., Ltd. (Tianjin, China). Antibodies to iNOS (ab110304), p-p65 (ab62484), cleaved caspase 3 (cl-caspase3, ab13847), Foxp3 (ab21685), and RORγt (ab59348) were purchased from Abcam (Hong Kong) Ltd. (Hong Kong, China). Chemicals were obtained from Sigma-Aldrich (St. Louis, MO, United States) unless otherwise indicated.
Animals and Experiment Design
The experimental protocol was approved by the China Medical University Animal Care and Ethics Committee (CMU2019218), SYXK (Liao) 2018-0008. Thirty male SPF C57BL/6 mice of 6–8 weeks of age were acclimatized to laboratory conditions (23°C, 12 h/12 h light/dark, 50% humidity, and ad libitum access to food and water) for 2 weeks before the experiments. The animal protocol was designed to minimize pain and discomfort to the animals. Mice were housed one per cage and were deprived of food for 12 h before the experiments.
After adaptive feeding for one week, 60 mice were randomly divided into six groups (n = 6/group): group I, sham-operated control with intracolonic administration of saline; group Ⅱ, colitis group; and groups Ⅲ, IV, and V treated with SASP (100 mg/kg body weight, intragastric, dissolved in saline), low-dose aucuboside (20 mg/kg body weight, intragastric, dissolved in saline), and high-dose aucuboside (80 mg/kg body weight, intragastric, dissolved in saline), respectively, 1 day after the induction of colitis. SASP and aucuboside were administered by gavage once per day for 14 consecutive days. The mice colitis model was induced as described previously (Xiong et al., 2016; Mateus et al., 2018). Briefly, mice were fasted for 24 h with free access to drinking water. A catheter was inserted through the anus to the approximate level of the splenic flexure under urethane anesthesia. The colon was then infused with 100 μL TNBS dissolved in ethanol (50% v/v). The mice were allowed to eat and drink ad libitum from 1 h after the operation. Distal colon samples from the full-thickness intestinal wall were harvested for biochemical studies. After 14 days, blood samples were collected from the eye, and then mice were sacrificed by cervical dislocation. The spleen and mesenteric lymph nodes were collected, and colon tissue samples were retained and preserved. Body weight, food intake, and defecation were recorded daily. The disease activity index and the colon weight/length ratio were determined. Colon histology, morphology, and the severity of inflammation were assessed in hematoxylin and eosin (HE)-stained colon sections. Harvested colon tissue specimens were cut into 5 mm pieces, processed, and mounted on slides for immunohistochemical and western blot analyses.
Treg/Th17 Analysis by Flow Cytometry
Fresh spleen and mesenteric lymph nodes were placed in 3 ml PBS containing 10% FBS and ground for 2 min on a 200-mesh nylon sieve using a 5 ml syringe piston and transferred to 15 ml EP tubes. The spleen tissue homogenate was centrifuged at 1,100 r/min for 10 min, and the deposited cells were retained. RBC lysate (2 ml; Beijing Solarbio Science & Technology Co., Ltd., Beijing, China) was added and incubated under dark conditions for 15 min and then centrifuged at 2,240 r/min for 5 min. After washing with 10 ml RPMI-1640 solution, a single lymphocyte cell suspension was obtained. The mesenteric lymph node homogenate was centrifuged at 2,000 r/min for 5 min; the deposited cells were retained; and after washing with 10 ml RPMI-1640 solution, a single lymphocyte cell suspension was obtained. The prepared single-cell suspension was transferred to a 1.5 ml EP tube by secondary filtration using a 200-mesh nylon sieve, and the cell number was adjusted to 1 × 106/ml.
To detect the number of Tregs, collected cells were incubated with 2 µL pre-chilled anti-mouse CD4 and CD25 antibodies (BD Biosciences, United States) and fixed at 4°C in a dark room for 30 min. After washing with PBS containing 10% FBS and centrifuging at 1,200 r/min for 6 min at 4°C, cell membrane breaking lysate (BD Biosciences) was added to the cell suspension, avoiding light, and incubated for hours. Then, 2 µL pre-chilled anti-mouse factor Foxp3 antibody (BD Biosciences) was added to the collected cells and fixed at 4°C in a dark room for 30 min. To detect the number of Th17 cells, PMA (30 ng/ml), ionomycin (1 μg/ml), and BFA (10 ng/ml) were added to the collected cells and incubated for 4 h before filtering and adjusting the cell number. The staining of Th17 cells using FITC anti-mouse CD4 and APC anti-mouse IL-17A followed the same procedure as Tregs. After washing, the cells were resuspended in 200 µL PBS containing 10% FBS for flow cytometry analysis.
Quantitative Real-Time Polymerase Chain Reaction
RNA isolation was carried out using Trizol (Takara, Dalian, China) per the manufacturer’s instructions. Total RNA was quantified using a NanoDrop instrument to measure optical density (OD) at 260/230 nm, and purity was evaluated by obtaining the absorbance ratio at 260/280 nm. cDNA was synthesized from 1 μg of total RNA with a Thermo Scientific Verso cDNA Kit according to the manufacturer’s instructions. Quantitative real-time PCR (qRT-PCR) was performed using 10–20 ng of cDNA with SYBR green master mix (Takara, United States) and a StepOnePlus RT-PCR system (Applied Biosystems, Inc., United States). The differences in mRNA expression at all the gene levels were calculated as the fold change using the formula 2-ΔΔct. Primer sequences for Foxp3 were as follows: Foxp3 forward: 5′-TGG​CTC​CAA​GGA​TGG​TTA​GC-3′ and Foxp3 reverse: 5′- TCA​GGG​ACA​GGG​TTG​ACA​GT-3′ (provided by General Biosystems). Primer sequences for RORγT were as follows: RORγT forward: 5′-TCC​ATA​TTT​GAC​TTT​TCC​CAC​T-3′ and RORγT reverse: 5′-GAT​GTT​CCA​CTC​TCC​TCT​TCT​C-3′. As a control, mRNA content for GAPDH was analyzed using the following primers: GAPDH forward: 5′-GCC​ACC​CAG​AAG​ACT​GTG​GAT-3′ and GAPDH reverse: 5′-GGA​AGG​CCA​TGC​CAG​TGA-3′ (provided by General Biosystems).
Statistical Analysis
GraphPad Prism (version 9.0; GraphPad Prism Software, Inc., La Jolla, CA, United States) was used to perform statistical analysis. A non-parametric test, one-way ANOVA, was used for data comparisons between three or more groups, followed by the Kruskal–Wallis rank-sum test. All results were obtained from at least three independent experiments.
RESULTS
Effects of Aucuboside on Normal Mice
The chemical structure of aucuboside is shown in Figure 1A. For normal control mice, the gavage administration of 10, 40, and 160 mg/kg aucuboside consecutively for 14 days did not significantly affect body weight (Figure 1B), food intake (Figure 1C), or colonic pro-inflammatory cytokines, including TNF-α (Figure 1D), IL-1β (Figure 1E), and IL-8 (Figure 1F). Based on these preliminary experiments and previous reports, we selected the maximum dose of aucuboside as 80 mg/kg in this study.
[image: Figure 1]FIGURE 1 | Effects of aucuboside on normal mice, toxicology of arbutin in vitro and in vivo, and chemical structure of aucuboside (A). Effects of gavage administration of aucuboside on body weight change (B), food intake (C), and colonic expression of TNF-α, IL-1β, and IL-8 (D–F). Data are expressed as mean ± SD. Values in the normal control (NC) group are 100%, and other data are given relative to the NC value.
Aucuboside Ameliorated Colitis Symptoms
Compared with the sham group, body weight loss (Figure 2A), higher disease activity index (Figure 2B), and an increased colon weight-to-length ratio (Figure 2C) were observed in the TNBS colitis group. The micromorphology and histomorphology are shown in Figure 2D. Compared with the sham control, destroyed microvilli, incomplete mucosal structure, and infiltration of immune cells were all significant. Similar to the SASP-induced treatment effects, all pathological changes in colitis were significantly reversed by aucuboside.
[image: Figure 2]FIGURE 2 | Effects of aucuboside on colitis symptoms. After 13 days of treatment, the effects of aucuboside on body weight loss (A), disease activity index (B), and colon weight-to-length ratio (C) were evaluated. The macroscopic observation and hematoxylin–eosin–stained colon sections (scale bar = 100 μm) (D) are also shown. Data are expressed as mean ± SD. Values in the sham group are 100%, and other data are given relative to the sham group. **p < 0.01 compared with the sham group; ##p < 0.01 compared to the colitis control; n = 6 mice.
Aucuboside Alleviated Cytokine Profile in Colitis
Compared with the sham group, colonic pro-inflammatory cytokines, including TNF-α, IL-1β, and IL-8, were significantly increased in the colitis group, and these changes could be significantly reversed by 20 and 80 mg/kg aucuboside (Figure 3). These results showed that aucuboside could decrease inflammation in colitis.
[image: Figure 3]FIGURE 3 | Effects of aucuboside on cytokine expression. After 13 days of aucuboside treatment, the colonic expressions of TNF-α, IL-1β, and IL-8 (A–C) were measured. Data are expressed as mean ± SD. **p < 0.01 compared with the sham group; #p < 0.05, ##p < 0.01 compared with the colitis control; n = 6 mice.
Aucuboside Reduced the Release of Inflammatory Mediators and Inhibited Apoptosis
As shown in Figures 4A–C, colonic epithelial COX-2, iNOS, and phosphorylated NF-κB-p65 (p-p65) were significantly increased compared with the sham control; both SASP and aucuboside significantly reversed these changes. These results further confirmed that aucuboside could exert anti-inflammation effects on colitis.
[image: Figure 4]FIGURE 4 | Effects of aucuboside on inflammation and apoptosis in colitis. After 13 days of aucuboside treatment, effects on colonic inflammatory mediators (A) COX-2, (B) iNOS, and (C) phosphorylated NF-κB-p65 (p-p65) were studied by western blotting. The effects of aucuboside on apoptosis-related proteins (D) cleaved caspase 3 (cl-caspase3) and (E) Bax were studied by western blotting. (F) TUNEL was used to test the effects of aucuboside on epithelial cell apoptosis in colitis. Data are expressed as mean ± SD. Values in the sham group are 100%, and other data are given relative to the sham group. **p < 0.01 compared with the sham group; ##p < 0.01 compared with the colitis control; n = 6 mice.
The apoptosis markers cl-caspase3 (Figure 4D) and Bax (Figure 4E) were significantly increased in the colitis group, which was reversed by 20 and 80 mg/kg aucuboside. The TUNEL-positive cells in the colonic epithelium of the colitis group were significantly increased compared with the sham group. After treatment with 20 and 80 mg/kg aucuboside, the TUNEL-positive cells in the colonic epithelium were significantly decreased (Figure 4F). These results suggested that aucuboside has anti-apoptotic effects.
Effects of Aucuboside on the Generation of Th17 Cells
Compared with the sham group, the generation of Th17 cells in colonic mesenteric lymph nodes, spleen, and peripheral blood was significantly increased in the colitis group (Figures 5Ai,ii). Gavage administration of 20 and 80 mg/kg aucuboside significantly decreased the proportion of Th17 in the colitis group (Figures 5Ai,ii). IL-17, as an effective cytokine in Th17 cells, was also studied in this study. As shown in Figure 5B, IL-17 was significantly increased in the colitis group, which was significantly reversed by different doses of aucuboside. These results suggest that the inhibition of Th17 production may be involved in the effects on colitis induced by aucuboside.
[image: Figure 5]FIGURE 5 | Effects of aucuboside on the generation of Th17 cells. (A) (i) and (ii) are the representative image and statistical analysis of the generation of Th17 cells in colonic mesenteric lymph nodes (1), spleen (2), and peripheral blood (3), respectively. (B) Effects of aucuboside on release of IL-17. Values in the sham group are 100%, and other data are given relative to the sham group. **p < 0.01 compared with the sham group; ##p < 0.01 compared with the colitis control; n = 6 mice.
Effects of Aucuboside on the Generation of Treg Cells
Compared with the sham group, the Treg cell number in colonic mesenteric lymph nodes, spleen, and peripheral blood was significantly decreased in the colitis group (Figures 6Ai,ii). Gavage administration of 20 and 80 mg/kg aucuboside significantly increased the Treg cell number in the colitis group (Figures 6Ai,ii). However, IL-10, the effective cytokine of Tregs, was not significantly affected by aucuboside (Figure 6B). These results suggest that an increase in Tregs may not be the main mechanism associated with aucuboside treatment.
[image: Figure 6]FIGURE 6 | Effects of aucuboside on the generation of Treg cells. (A) (i) and (ii) are the representative image and statistical analysis of the generation of Treg cells in colonic mesenteric lymph nodes (1), spleen (2), and peripheral blood (3), respectively. (B) Effects of aucuboside on release of IL-10. Values in the sham group are 100%, and other data are given relative to the sham group. *p < 0.05, **p < 0.01 compared with the sham group; ##p < 0.01 compared with the colitis control; n = 6 mice.
Mechanisms Underlying Aucuboside-Induced Inhibition of Th17
To clarify the mechanisms underlying the aucuboside-induced regulation of Treg and Th17 cell generation, the mRNAs of Foxp3 and RORγt were studied. As shown in Figure 7Ai, the colonic Foxp3 mRNA was significantly decreased in the colitis group, which was not significantly affected by 20 and 80 mg/kg aucuboside. Colonic RORγt, as the main regulating factor promoting Th17 cell differentiation, was significantly increased in colitis, and the increase was reversed by both 20 and 80 mg/kg aucuboside (Figures 7Aii,iii). These results suggest that aucuboside may inhibit Th17 cell generation through blocking RORγt activity.
[image: Figure 7]FIGURE 7 | Potential mechanism underlying aucuboside-induced regulation of Th17 cells and Treg cells. (A) (i) Effects of aucuboside on Foxp3 mRNA expression and (ii) effects of aucuboside on RORγt mRNA expression; (iii) immunohistochemical analysis of RORγt expression. *p < 0.05, **p < 0.01 compared with sham; ##p < 0.01 compared with the colitis control; n = 6 independent experiments.
DISCUSSION
In this study, the effects of aucuboside and underlying mechanisms on mice colitis were studied. Gavage administration of aucuboside significantly alleviated TNBS-induced colitis; the colitis symptoms including weight loss, higher disease activity index, mucosal necrosis, and inflammatory cell infiltration were significantly alleviated by aucuboside. The generation of Th17 cells in colitis was inhibited by aucuboside. The inhibition of Th17 cells is the mechanism involved in the aucuboside-induced treatment effect in colitis.
The expression of inflammatory cytokines and inflammatory mediators in colitis was significantly reduced by aucuboside. These results suggested that aucuboside has an anti-inflammation function. It was also shown that aucuboside can inhibit inflammatory responses in experimental traumatic brain injury (Wang et al., 2020). Our study indicated that aucuboside has an anti-inflammatory potential in colitis. Aucuboside administration also significantly inhibited intestinal epithelial cell apoptosis in colitis. All these results suggested that aucuboside can exert protective effects against TNBS-induced colitis in mice.
We focused on the effects of aucuboside on the generation of Treg and Th17 cells because the increase in Th17/Treg is one of the main pathological mechanisms of colitis. Our study showed that the number of Th17 cells in colitis was reduced by aucuboside and the IL-17 expression was also suppressed by aucuboside. Aucuboside-induced inhibition of Th17 is related to the blocking of RORγt. RORγt is a major transcription factor that regulates Th17 cell differentiation, and RORγt inhibitors were effective in reducing the severity of experimental autoimmune diseases (Ivanov et al., 2007; Bassolas-Molina et al., 2018). Aucuboside also reversed the decrease in Treg cell number in colitis, but this did not affect the anti-inflammation function. We speculated that the aucuboside-induced activation of Tregs could be a reflection of Th17 inhibition. Further experiments confirmed our supposition because aucuboside did not affect the expression of Foxp3. In the infiltration of inflammatory cells caused by IBD, CD4+ T cells are closely concerned with disease activity and disease progression and associated with pro-inflammatory cytokine levels (Műzes et al., 2012; Smids et al., 2017). The balance of Tregs/Th17 cells is one of the important mechanisms of IBD progression. In the initial differentiation stage, CD4+ T cells are activated by the synergistic effect of TGF-β and IL-6 and RORγt activation is simultaneously induced, leading to the final differentiation into Th17 cells (Bettelli et al., 2006; Sandquist and Kolls, 2018). RORγt can also regulate the function of mature Th17 cells, which is necessary for IL-17 generation (Ivanov et al., 2006). In IBD patients, the over-activation of Th17 cells mediated by RORγt and impaired Treg function is often observed, which leads to a break in the balance of Treg and Th17 cells (Yamada et al., 2016; Hou and Bishu, 2020). The extract of traditional Chinese medicine Eucommia can downregulate various pro-inflammatory cytokines, including IL-17, to treat rheumatoid arthritis in rats (Wang et al., 2018). In our experiments, aucuboside extracted from Eucommia could reverse the increase of pro-inflammatory cytokines caused by inflammatory cell infiltration in a colitis model. Aucuboside improves the Treg/Th17 balance and finally leads to the alleviation of TNBS-induced colitis.
There are also some shortcomings in this study. First, the detailed underlying mechanisms of how aucuboside inhibits Th17 differentiation were not studied. According to our current results, it is proper that aucuboside may inhibit the secretion of specific cytokines which inhibits RORγt activity, which finally results in the inhibition of the generation of Th17 cells. However, the detailed mechanism needs further study. Second, the binding pattern and interaction mode between aucuboside and RORγt were not elaborated clearly. However, these shortcomings did not affect our main findings. Aucuboside is significantly protective against TNBS-induced colitis; moreover, Th17 inhibition is one of the important mechanisms.
In conclusion, aucuboside can not only alleviate the damaging effects caused by inflammatory cell infiltration in a mouse colitis model but also maintain the balance between Th17 and Treg cells. Further studies are also needed to clarify the detailed mechanisms of how aucuboside inhibits Th17 differentiation in colitis. The results of our study provide a scientific basis for the treatment of IBD using aucuboside and also indicate that aucuboside is one of the main active ingredients of some traditional medicine such as Rehmannia glutinosa in IBD treatment.
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Psoriasis is a chronic, systemic immune-mediated inflammatory disease manifesting in the skin, joint or both. Co-signaling molecules are essential for determining the magnitude of the T cell response to the antigen. According to the function of co-signaling molecules, they can be divided into co-stimulatory molecules and co-inhibitory molecules. The role of co-signaling molecules in psoriasis is recognized, mainly including the co-stimulatory molecules CD28, CD40, OX40, CD27, DR3, LFA-1, and LFA-3 and the co-inhibitory molecules CTLA-4, PD-1, and TIM-3. They impact the pathological process of psoriasis by modulating the immune strength of T cells, regulating the production of cytokines or the differentiation of Tregs. In recent years, immunotherapies targeting co-signaling molecules have made significant progress and shown broad application prospects in psoriasis. This review aims to outline the possible role of co-signaling molecules in the pathogenesis of psoriasis and their potential application for the treatment of psoriasis.
Keywords: psoriasis, Co-stimulatory molecules, Co-inhibitory molecules, T lymphocytes, immunotherapy
INTRODUCTION
Psoriasis is an immune-mediated, erythematous, scaly, and chronic inflammatory skin disease that can be associated with multiple systemic diseases (Korman, 2020). The main pathological features are epidermal basal layer keratinocyte hyperproliferation, capillary dilatation, and inflammatory cells infiltration (Boehncke and Brembilla, 2018). The involvement of the immune system in psoriasis is now widely accepted (Griffiths et al., 2021). Previously, T helper type 1 (Th1) cells were considered to be the dominant cells of psoriasis, because IFN-γ and IFN-γ-producing Th1 cells were abundant in the psoriasis lesions and blood, and these Th1 cells were reduced after successful treatment (Lew et al., 2004). To date, tumor necrosis factor-alpha (TNF-α)-related and IL-23/Th17-related pathways are increasingly concerned (Li et al., 2020). Psoriasis is mainly a dendritic cell (DC) and T-cell-mediated disease with complex feedback loops from antigen-presenting cells (APCs), neutrophilic granulocytes, keratinocytes, vascular endothelial cells, and the cutaneous nervous system (Boehncke and Schön, 2015). Pathogenic T cells and innate immune systems, such as macrophages, mast cells, and granulocytes, produce IL-23 to activate Th17 cells and γδ T cells, and release several mediators, such as interferon (IFN)-γ, interleukin (IL)-17A, 17F, and 22, which induce keratinocyte proliferation and persistent chronic inflammation (Ogawa et al., 2018). In the skin inflammatory microenvironment, keratinocytes produce more IL-23 and other inflammatory factors and chemokines, thus forming an IL-23/Th17 positive feedback loop that amplifies and exacerbates the chronic inflammatory process of psoriasis. (Rendon and Schäkel, 2019).
The classical two-signal hypothesis posited that both antigen and secondary stimuli are required for T cell activation (Smith-Garvin et al., 2009; Fontana and Vance, 2011). Stimulation of the T cell receptor (TCR) by major histocompatibility complex (MHC)-peptide molecules provides a preliminary signal for lymphocyte activation, known as an antigenic stimulus signal. The second signal is generated by the interaction of T cells with multiple pairs of co-signaling molecules on the surface of APCs, which is essential for determining the magnitude of the T cell response to the antigen (Baxter and Hodgkin, 2002). The interactions of co-signaling molecules in immune responses are substantially more complex than two-signal hypothesis. For instance, the combination of CD40 and CD40L can make APC express more CD80 and CD86 molecules, while CD28 can up-regulate the expression of CD40L on T cell surface, which cooperatively drives the activation of immature T cells (Edner et al., 2020). Zhu et al. proposed a tidal model that defines the primary signal as the initiator of specific immune cells reacting to extracellular stimuli. Meanwhile, the co-signals, either co-stimulatory or co-inhibitory signals, are modulators that decide the direction and magnitude of the immune response (Zhu et al., 2011). In addition to regulating the strength of immunity, some co-signaling molecules can also regulate the secretion of cytokines, the function of Th cells or the differentiation of Tregs (Chambers and Allison, 1999; Bour-Jordan and Bluestone, 2009; Podojil and Miller, 2009). Co-signaling molecules are closely related to many autoimmune diseases, such as psoriasis, systemic lupus erythematosus (SLE), rheumatoid arthritis (RA), multiple sclerosis (MS), and type 1 diabetes (Zhang and Vignali, 2016).
In the past decade, several biologics that are primarily aimed at inhibiting TNF-α, blocking IL-12, and IL-23, or interfering with Th17 cell development have been approved for the treatment of psoriasis (Mahil et al., 2016). Although biologics show better efficacy than conventional systemic drugs and a good safety profile with only a small increase in opportunistic infections (Di Altobrando et al., 2020; Strober et al., 2020), more clinical trials still need to be conducted to assess the long-term efficacy and side effects. In recent years, co-signaling molecules in immune cells have been reported to participate in the pathogenesis of psoriasis and provide prospects for new treatment (Edner et al., 2020; Fu et al., 2020). For instance, alefacept has been approved for treatment of moderate-to-severe psoriasis. Other targeted co-signaling molecules biologics such as KHK4083 have entered clinical trials. This review aims to outline the possible role of co-signaling molecules in the pathogenesis of psoriasis (Figure 1) and their potential application for the treatment of psoriasis (Table 1).
[image: Figure 1]FIGURE 1 | Co-stimulatory and Co-inhibitory Molecules in Psoriasis. TCR, T cell receptor; MHC, major histocompatibility complex; CD40L, CD40 ligand; TL1A, TNF-like molecule 1A; DR3, Death receptor3; LFA-1, Lymphocyte function-associated antigen-1; ICAM-1, intercellular cell adhesion molecule-1; LFA-3, Lymphocyte function-associated antigen-3; PD-1, programmed cell death one; CTLA-4, cytotoxic T lymphocyte associated protein four; TIM-3, T cell immunoglobin and mucin domain-3; HVEM, herpes virus-entry mediator; BTLA, B-lymphocyte and T-lymphocyte attenuator.
TABLE 1 | Biologic drugs and therapies targeting co-signaling molecules for psoriasis treatment.
[image: Table 1]CO-STIMULATORY MOLECULES
The CD28:B7 Pathway
The CD28-B7 family might be the main co-signaling molecule in naïve T cells (Nagai and Azuma, 2019a). CD28 is an originator of co-stimulatory molecules that amplify TCR signals, induce T cell proliferation, and produce IL-2 (Aruffo and Seed, 1987). B7-1/CD80 and B7-2/CD86 are the two major ligands of CD28. CD80 is primarily expressed as a dimer, whereas CD86 is expressed as a monomer on the surface of APCs (Nagai and Azuma, 2019b).
The Role of the CD28:B7 Pathway in Psoriasis
Previous studies have shown that the CD28:B7 pathway plays a critically important role in the pathogenesis of many autoimmune disease including psoriasis (Daikh et al., 1997; Nagai and Azuma, 2019b). Ferenczi et al. found that epidermal T cells from skin lesions expressed high levels of the T cell co-stimulatory molecule CD28 (Ferenczi et al., 2000). Nguyen et al. evaluated the proportion of intermediate monocytes with CD86 expression in 43 patients with psoriasis and found that the upregulated expression of CD86 on the intermediate monocyte subset was positively correlated with clinical severity as measured by the psoriasis area and severity index (PASI) scores and serum beta defensin-2 (BD-2) levels (Nguyen et al., 2018). Moreover, Lima et al. observed the frequency of ex vivo CD4+ CD28null cells is negatively correlated with psoriasis severity. And after clinical remission in nine patients, ex vivo CD4+ CD28null lymphocytes expressing cytotoxic granules were decreased (Lima et al., 2015).
Targeting the CD28:B7 Pathway for the Treatment of Psoriasis
FR255734
Raychaudhuri et al. demonstrated that FR255734, a humanized, Fc-silent, anti-CD28 antibody, effectively inhibited T cell activation by blocking CD28/B7 co-stimulatory interactions and improved the thickness of epidermis and reduction in lymphocytic infiltration in a mouse psoriasis model (Raychaudhuri et al., 2008).
FR104
FR104 is a monovalent humanized Fab’ antibody fragment antagonist of CD28 that was pegylated to prolong its half-life, under development for the treatment of transplant rejection and autoimmune diseases (Poirier et al., 2012). Poirier et al. followed up to sixty-four healthy subjects for a maximum of 113 days. Overall, selective blocking of CD28 by FR104 is safe and well-tolerated (Poirier et al., 2016a). FR104 significantly reduces skin inflammation induced by aldara in non-human primates, such as skin erythema, thickening and desquamation, and prevents T lymphocytes and macrophages infiltration (Poirier et al., 2016b).
The CD40:CD40L Pathway
CD40, a co-stimulatory receptor molecule, belongs to the TNF receptor superfamily. CD40 is mainly expressed in immune cells (B cells, APCs, and mast cells), some non-immune cells (myofibroblasts, fibroblasts, epithelial, and endothelial cells) and tumors. It binds to CD40 ligand (CD40L, CD154) expressed transiently on T cells and non-immune cells under inflammatory conditions (Chand Dakal et al., 2019). On the one hand, the interaction of CD40 and CD40L promotes APC activation and the expression of CD80/CD86 and the secretion of cytokines. On the other hand, it promotes T cell activation. The binding of CD40 and CD40L is also one of the most important second signals for B cell activation and plays an important role in B cell differentiation, maturation and antibody production (Laman et al., 2017).
The Role of the CD40:CD40L Pathway in Psoriasis
Lezzi et al. reported that CD40-deficient DCs exhibited reduced cytokines release and failed to drive Th17 development in vitro. Their data demonstrated that CD40-CD40L cross-talk integrated strong antigenic signals and microbial stimuli to induce the development of IL-17-producing CD4+ T cells (Iezzi et al., 2009). In psoriatic skin lesions, the number of CD40+ cells (keratinocytes, Langerhans cells, mature DCs) and CD40L+ mast cells is higher than that in healthy skin (Haimakainen et al., 2017). In patients with psoriatic arthritis (PsA), the expression of CD40 was increased in synovial fluid B cells (Armas-Gonzalez et al., 2015) and the expression of CD40L was significantly upregulated on activated T cells compared to healthy controls (Daoussis et al., 2007).
Targeting the CD40:CD40L Pathway for the Treatment of Psoriasis
Bleselumab (ASKP1240) is a fully human IgG4 monoclonal antibody (mAb) that targets CD40 (Vincenti et al., 2020). Anil Kumar et al. evaluated the pharmacokinetics, efficacy, safety, and tolerability of bleselumab in patients with psoriasis. As compared to CD40L-specific mAbs, no clinically malignant events have been reported with bleselumab, and only a limited number of patients have transient elevations in liver transaminase enzymes. However, bleselumab did not improve the PASI scores of psoriasis (Anil Kumar et al., 2018). Due to the small sample size and the variation in some baseline patient characteristics, further clinical trials are necessary to verify the efficacy of bleselumab.
The OX40:OX40L Pathway
OX40 (also known as ACT35, CD134, and TNFRSF4) is a co-stimulatory receptor molecule that belongs to the TNF receptor superfamily. It is mainly expressed in activated T cells. The ligand of OX40 (OX40L, also known as gp34, CD252, and TNFSF4) is a type II glycoprotein that has a TNF homology domain. OX40 and OX40L interactions play essential co-stimulatory roles in many aspects of immunity involving direct cell-cell communication (Croft, 2010; Webb et al., 2016). Regarding CD4+ T cell subsets, OX40 and OX40L interactions can enhance the Th1-mediated immune response, augment follicular helper T cell (Tfh) development, and antagonize Treg generation and Treg-mediated immune suppression. For CD8+ T cell subsets, OX40 promotes the survival and expansion of CD8+ T cells and the recall response of CD8+ memory T cells in vivo (Fu et al., 2020).
The Role of the OX40:OX40L Pathway in Psoriasis
The existing evidence indicates that OX40 suppresses the differentiation and activity of Tregs and can attenuate Th17 differentiation (Remedios et al., 2018). Li et al. found that OX40 inhibited IL-17 expression and Th17 cell-mediated autoimmunity by inducing repressive chromatin modifications at the Il17 locus by activating histone methyltransferases (Xiao et al., 2016). Interestingly, OX40 can also downregulate CTLA-4 expression (Prell et al., 2003), promote cytokines production and play a vital role in maintaining or promoting the T cell response (Croft et al., 2009). From this point of view, it might aggravate the development of psoriasis. Therefore, the effects of OX40 signaling in psoriasis are complex and need to be further explored. Several studies have shown an obviously higher level of OX40L in serum from patients with psoriasis compared with that in healthy controls, and the number of OX40+ cells in psoriasis lesions is also increased (Ilves and Harvima, 2013; Guo et al., 2019). These results suggest that the OX40:OX40L pathway might have obvious influence on T cell activation in psoriasis.
Targeting the OX40:OX40L Pathway for the Treatment of Psoriasis
KHK4083 is a fully human monoclonal antibody against OX40. In a phase I study, KHK4083 showed good efficacy at the highest dose (10 mg/ kg) in patients with mild to moderate plaque psoriasis, and it was safe and well tolerated (Papp et al., 2017). Further clinical trials are needed to evaluate the efficacy and safety of KHK4083 in a larger patient cohort.
The CD27:CD70 Pathway
CD27 is a TNF receptor superfamily member expressed uniformly in naive T cells and selective memory T cell subsets. Its ligand, CD70, is expressed in activated APCs and some in cases on activated lymphocyte subsets (Burchill et al., 2015). CD27-CD70 binding can induce T cell activation, promote T cell survival and proliferation, increase the number of Th1 cells and break immune tolerance. Soluble CD27 (sCD27) is capable of disrupting membrane-associated CD27 ligation and signaling and inhibits effective T cell function (Burchill et al., 2015). Coquet et al. reported that CD27 signaling represses IL-17 and the chemokine receptor CCR6 expression via the c-Jun N-terminal kinase (JNK) pathway and induces specific epigenetic and transcriptional changes in differentiating Th17 cells (Coquet et al., 2013).
The Role of the CD27:CD70 Pathway in Psoriasis
Previous studies have shown that the levels of sCD27 were increased in the peripheral blood of patients with psoriasis and can be used to monitor disease activity (de Rie et al., 1991). A recent study demonstrated that the percentage of CD19+CD27+CD24 (high) memory regulatory B cells was inversely correlated with the severity of psoriasis (Mavropoulos et al., 2017). Remedios et al. reported that the expression of CD27 was inversely correlated with Treg IL-17 production in lesioned skin biopsies from patients with psoriasis (Remedios et al., 2018). To date, there are no drugs on targeting the CD27:CD70 pathway for the treatment of psoriasis.
The TNF-like Molecule 1A (TL1A):Death Receptor 3 Pathway
TL1A (also known as TNFSF15 and VEGI-251) is a cytokine of the TNF family and primarily expressed by APCs, which has a membrane-bound and a soluble form (Migone et al., 2002). DR3 (TNFRSF25, APO3, LARD, TRAMP, WSL-1) which belongs to TNF receptor superfamily is the primary activating receptor of TL1A and mainly expressed on leukocytes especially on activated lymphocytes (So and Ishii, 2019). The interaction of TL1A:DR3 mediates NF-kB, mitogen-activated protein kinase (MAPK), and caspase signaling that regulates T cell activation, proliferation, differentiation and Treg cells activation and function, but also modulates apoptosis in immune cells (Ogawa and Abe, 2019; Lubrano di Ricco et al., 2020; Rodriguez-Barbosa et al., 2020).
The Role of the TL1A:DR3 Pathway in Psoriasis
TL1A:DR3 pathway plays an important role in promoting Th17 cell function and Th17-mediated autoimmune disease (Pappu et al., 2008; Li et al., 2014). Pappu et al. found that DR3 is selectively elevated in Th17 cells, and TL1A can promote the proliferation of effector Th17 cells. TL1A−/− DCs exhibited a reduced capacity in supporting Th17 differentiation and proliferation (Pappu et al., 2008). Besides, soluble TL1A synergized with IL-23 to stimulate peripheral blood mononuclear cells (PBMCs) from patients with psoriasis to produce IL-17 (Li et al., 2014). Previous studies have shown that both protein expressions and mRNA transcripts of TL1A and DR3 were increased in psoriatic lesions (Bamias et al., 2011). Serum TL1A levels were significantly elevated in patients with psoriasis but not in patients with atopic dermatitis and health control, and the high serum TL1A levels were decreased after treatment (Li et al., 2014; Pedersen et al., 2015). Li et al. detected the expression of DR3 in PBMCs of patients with psoriasis and found that there was a positive correlation between the percentage of DR3+ CD8+ and DR3+ CD14+ cells and the PASI scores in patients with psoriasis (Li et al., 2018). That indicates the percentage of DR3+ CD8+ and DR3+ CD14+ cells might be a novel biomarker in evaluating the severity of psoriasis. Kepiro et al. report that the rs6478109 SNP of TL1A gene might be a genetic risk factor in psoriasis, while Haplotype C might be protected against psoriasis in the Hungarian population (Képíró et al., 2014). TL1A:DR3 pathway may be a promising therapeutic target of psoriasis, but there were no reports about relevant targeted drugs applicated for the treatment of psoriasis.
The LFA-1:ICAM-1 Pathway
Lymphocyte function-associated antigen-1 (LFA-1, CD11a/CD18), a co-stimulatory molecule that belongs to the integrin superfamily, is expressed on both T cells and DCs (Simon et al., 1991). LFA-1 has important functions in T cell immunity. It can bind to intercellular adhesion molecules (ICAMs) to make LFA-1-positive cells migrate into tissues or interact with ICAM-1-positive DCs, which promote the migration and activation of T lymphocytes (Marlin and Springer, 1987). LFA-1 is essential for the proper development and function of Tregs, and when it is absent, the propensity for autoimmunity is increased (Reina and Espel, 2017).
The Role of the LFA-1:ICAM-1 Pathway in Psoriasis
Adhesion molecules have been shown to play important roles in the development of psoriasis. The expression of ICAM-1 is not only intensely and locally increased in endothelial and lymphocytic cells in psoriatic lesions (Cabrijan et al., 2009) but also directly related to the severity of psoriasis (Bressan et al., 2018). Mitsui et al. assessed the role of ICAM-1 and L-selectin in the psoriasiform skin of mice and found that the disease severity was significantly reduced in ICAM-1−/− or L-selectin−/− mice compared with wild-type mice, while it was exacerbated in L-selectin/ICAM-1−/− mice, and the levels of cutaneous IL-17A, IL-23, and TNF-α were also increased in L-selectin/ICAM-1−/− mice. Although ICAM-1 and L-selectin positively regulated the psoriasiform inflammation, deleting both L-selectin and ICAM-1 simultaneously induced refractory skin inflammation (Mitsui et al., 2015). This might be due to the compensatory upregulation of other adhesion molecules.
Targeting the LFA-1:ICAM-1 Pathway for the Treatment of Psoriasis
Efalizumab, a humanized monoclonal antibody against LFA-1, has shown a positive response to psoriasis through potently inhibiting the proliferation and cytokine production of human T cells by downregulating the co-stimulatory molecules ICOS, OX40, CD27, and 4-1BB (Kuschei et al., 2011). However, it was voluntarily withdrawn from the US market due to the risk of progressive multifocal leukoencephalopathy in 2009 (Hsu and Tsai, 2020). The side effects of LFA-1 antibodies are probably not rare because using antibodies against LFA-1 such as efalizumab can downregulate multiple cell-surface molecules, which might be involved in T cell activation, including CD3, TCR, CD4, CD8, CD28, and the integrin VLA-4 (Guttman-Yassky et al., 2008; Grönholm et al., 2016). Further studies should be carried out to develop specific pharmaceuticals with higher specificity to LFA-1. In addition, several studies have shown that some natural products, such as glycyrrhizin and gambogic acid, could improve psoriasis by inhibiting the expression of ICAM-1. Further clinical studies are needed to assess the efficacies and safeties of these natural products (Wen et al., 2014; Xiong et al., 2015).
The LFA-3:CD2 Pathway
Lymphocyte function-associated antigen-3 (LFA-3, CD58), a co-stimulatory molecule belongs to integrin superfamily, is expressed on the surface of T cells, B cells, thymic epithelial cells and APCs (Krensky et al., 1983). It can bind to CD2, a transmembrane glycoprotein of IgSF, which is expressed on the surface of NK cells, T cells, thymocytes and DCs (Bachmann et al., 1999). The combination of LFA-3 and CD2 plays a vital role in cell adhesion, thymocyte development, memory/effector T cell activation, T cell survival and reversal of T cell anergy (Denning et al., 1987; Bierer and Hahn, 1993; Binder et al., 2020).
The Role of the LFA-3:CD2 Pathway in Psoriasis
Recent study has shown that keratinocytes transmit signals through the co-stimulating receptors LFA-3:CD2 and LFA-1:ICAM-1 interactions, which initiated STAT1 signaling and IFN-γ production in T cells, generated a micromilieu that enables Th1 and Th17 polarization independent of the presence of DCs (Orlik et al., 2020). Consequently, modulating keratinocyte-mediated activation of T cells directly in the skin may represent a potential strategy for the treatment of psoriasis (Binder et al., 2020).
Targeting the LFA-3:CD2 Pathway for the Treatment of Psoriasis
Alefacept
Alefacept, a LFA-3/IgG1 fusion protein that binds to CD2, is the first biologic agent approved by the US Food and Drug Administration (FDA) for the treatment of moderate-to-severe psoriasis in 2003 (Sugiyama et al., 2008). Alefacept reduced the effector memory T cells, activated DCs, and inflammatory genes in psoriatic epidermis lesion (Goedkoop et al., 2004; Chamian et al., 2005; Chamian et al., 2007). For patients who received one course of alefacept, 28% of patients achieved a PASI score of 75. For patients who received two courses of alefacept, 40 and 71% of patients respectively achieved 75 and 50 PASI score (Krueger et al., 2002; Sugiyama et al., 2008). However, some patients show little or no benefit with alefacept (Haider et al., 2007). Overall, alefacept has good efficacy and is safe and well-tolerated for moderate-to-severe psoriasis (Scheinfeld, 2005). For patients who responded, additional courses of alefacept can help achieve long-term control of plaque psoriasis, while maintaining the safety profile (Roberts et al., 2010).
Siplizumab
Siplizumab, a humanized anti-CD2 monoclonal antibody, may prevent T cells activation and elicit a state of alloantigen-specific unresponsiveness (Langley et al., 2010). According to two randomized, double-blind, placebo-controlled studies, siplizumab exhibited an acceptable safety profile but not yield a therapeutic benefit (Bissonnette et al., 2009; Langley et al., 2010).
CO-INHIBITORY MOLECULES
The PD-1:PD-L1/PD-L2 Pathway
PD-1 (CD279), a co-inhibitory molecule on the surface of T cells, binds to its ligands PD-L1 (B7-H1, CD274) and PD-L2 (B7-DC, CD273) and inhibits the proliferation and activation of lymphocytes, maintaining T cell homeostasis (Ishida et al., 1992). It plays a vital role in the induction and maintenance of peripheral tolerance (Chamoto et al., 2017).
The Role of the PD-1:PD-L1/PD-L2 Pathway in Psoriasis
Bonigen et al. described that 21 cases of patients with lung cancer developed or aggravated psoriasis after anti-PD1 immunotherapy treatment. (Bonigen et al., 2017). In addition, Niu et al. found that the content of CXCR5+PD-1+ Tfh cells in the peripheral blood of Chinese patients with psoriasis was significantly decreased and positively correlated with the disease duration (Niu et al., 2015). Shin et al. evaluated blood Tfh cells in Korean patients with psoriasis and reached the same conclusion, and they added this T cell subset was not correlated with PASI scores (Shin et al., 2016). In patients with PsA, the percentages of CD4+PD-1+ and CD8+PD-1+ T cells were also significantly lower than that in healthy controls (Bartosińska et al., 2017). The reduction in PD-1 expression on T cells seems to be reasonable, since without the negative regulatory role of PD-1, the sustained activation of T cells will lead to chronic cytokine production to promote the development of psoriasis. Meanwhile, Kim et al. reported that PD-1 was overexpressed in IL-17A+-producing γδ T cells in imiquimod-induced psoriasis mice and psoriasis lesions from patients (Kim et al., 2016).
Targeting the PD-1:PD-L1/PD-L2 Pathway for the Treatment of Psoriasis
It has been reported that PD-L1-Fc inhibits anti-CD3-induced IL-17A production in CD27–Vγ1– γδ T cells and shows great potential for the treatment of psoriasis in animal experiments (Kim et al., 2016). Kim et al. treated psoriasis-like mice with PD-L1-Fc, anti-p40 and both. Anti-p40 is an approved drug for psoriasis treatment, which can inhibit IL-23A-induced IL-17A production through binding to the p40 subunits of IL-23 and IL-12 (Lebwohl et al., 2015). They found that the reduction in epidermal thickness and disease activity in PD-L1-Fc alone group is not as significant as that of anti-p40 alone group, while the therapeutic effects of combined anti-p40 and PD-L1-Fc can be cumulative, which may be ascribed to targeting distinct IL-17-secreting γδT cell populations (Kim et al., 2016). However, due to the different T cell subsets producing IL-17 in mice and humans, further studies are necessary to prove the effectiveness of the PD-L1 fusion protein in human psoriatic lesions.
The CTLA-4:B7 Pathway
CTLA-4 shares homology with CD28, and these two molecules compete with each other in binding to their ligands, B7 family molecules (Linsley et al., 1991). CTLA-4 has a stronger binding affinity to these ligands than CD28, leading to the suppression of effector T cell responses (Linsley et al., 1991). After T cell activation, CTLA-4 is significantly induced, while CD28 is down-regulated by internalization. CTLA-4 binds to CD80 and CD86 on DCs to induce the expression of indoleamine 2,3-dioxygenase (IDO), which then inhibits T-cell function through tryptophan deprivation (Hosseini et al., 2020).
The Role of the CTLA-4:B7 Pathway in Psoriasis
Although previous studies observed elevated serum concentrations of soluble CTLA-4 in patients with psoriasis (Luszczek et al., 2006), there are no correlation between the polymorphisms in the CTLA-4 gene and psoriasis in Korean and Japanese (Kim et al., 2003; Tsunemi et al., 2003). However, a study of Polish Caucasians showed that the haplotype +49G, CT60G was significantly less frequent in the psoriasis vulgaris patient group with disease onset between the ages of 21 and 40 years than that in controls and the other patient groups (Łuszczek et al., 2008). In addition, Liu et al. reported that membrane CTLA-4 (mCTLA-4) expression in the skin lesions of patients with mild psoriasis was significantly higher than that in patients with moderate and severe psoriasis. This might indicate that the expression of mCTLA-4 in skin lesions was inversely correlated with the severity of psoriasis (Liu et al., 2018).
Targeting the CTLA-4:B7 Pathway for the Treatment of Psoriasis
Abatacept (BMS-188667C) is a soluble, fully human fusion protein consisting of the extracellular domain of CTLA-4 linked to the Fc portion of human IgG1 and was approved for the treatment of RA in 2017 (Mease, 2015). It was safe and well-tolerated, and did not lead to an overall increased risk of infections, malignancies or autoimmune diseases (Ozen et al., 2019). It binds to both CD80 and CD86 on APCs with much higher affinity compared with CD28, blocking the engagement of CD28 on T cells and interfering with the T cell response and cytokine production (Zizzo et al., 2018). Abatacept can also directly modulate CD80 and CD86 expression and memory formation in human B cells (Lorenzetti et al., 2019). Phase I clinical trials showed that the application of abatacept led to clinical improvement and cytopathological reversal of psoriatic plaques in a dose-dependent manner (Abrams et al., 1999; Abrams et al., 2000). In a phase III clinical trial, abatacept treatment significantly improved patient-reported outcomes in patients with active PsA, particularly in those who were tumor necrosis factor inhibitor-naïve and/or with elevated C-reactive protein at baseline (Strand et al., 2018). However, abatacept demonstrated only a modest benefit on psoriatic skin lesions (Mease et al., 2017). Previous studies have also revealed that abatacept seems to be valuable for the treatment of PsA but less useful in the therapy of cutaneous psoriasis (Mease et al., 2011; Iannone and Lapadula, 2012). It might be due to the different dosage requirements for the optimal efficacy of abatacept for the skin vs. for arthrosis or because Th cells have common and divergent roles in the pathogenesis of psoriasis and PsA (Coates et al., 2016); thus, skin and arthrosis have different sensitivities to abatacept.
The TIM-3:Galectin-9 Pathway
TIM-3, a vital co-inhibitory molecule of the TIM family, is specifically expressed in Th1 cells and Th17 cells but not in Th2 cells (Tang et al., 2019). To date, four ligands of TIM-3 have been discovered, including Gal-9, carcinoembryonic antigen cell adhesion molecule 1 (CEACAM-1), high-mobility group protein B1 (HMGB1), and phosphatidylserine (PtdSer) (Anderson et al., 2016). Among them, Gal-9 was the first ligand to be identified, which is a tandem-repeat type of galectin that contains two homologous carbohydrate recognition domains connected by a linker peptide. The TIM-3 and Gal-9 interaction can induce Th1 and Th17 cell apoptosis and inhibit cell differentiation and are considered to play a crucial role in immune tolerance and suppression of the T cell immune response (Hastings et al., 2009).
The Role of the TIM-3:Gal-9 Pathway in Psoriasis
In vitro studies have shown that blocking TIM-3 resulted in enhanced production of IFN-γ and IL-17 from CD4+ T cells. IFN-γ programs APCs to induce IL-17+ T cells via IL-1 and IL-23 secretion, supports chemokine ligand CCL20 and BD-2 production by keratinocytes synergistically with IL-17 and upregulates Gal-9 expression (Kanai et al., 2012). The level of Gal-9 in the serum of patients with psoriasis was significantly increased, while it was not associated with the pathology and severity of psoriasis (Nofal et al., 2019). It may be a part of a negative feedback mechanism. Kanai et al. found that patients with psoriasis had higher numbers of T cells producing IL-17 (Th17/Tc17 cells) or IFN-γ (Th1/Tc1 cells) than healthy donors, while they could not express TIM-3 effectively after activation (Kanai et al., 2012).
Targeting the TIM-3:Gal-9 Pathway for the Treatment of Psoriasis
Niwa et al. developed a stable form of galectin-9 (sGal-9) by partial deletion of the linker peptide. They reported that administration of sGal-9 markedly reduced epidermal hyperplasia and dermal cellular infiltration induced by IL-23 in the ear lobes of mice. Local levels of cytokines associated with psoriasis, such as IL-17, IL-22, IL-6, and TNF-α, were also reduced after sGal-9 treatment. In addition, the expression of activated phospho-signal transducers and activators of transcription 3 (STAT3) in epidermal keratinocytes was inhibited by sGal-9. This prompts us to conclude that sGal-9 may be a unique and useful tool for treating Th1/Th17-mediated skin inflammation, including psoriasis, which is probably mediated by the Gal-9-TIM-3 interaction (Niwa et al., 2009).
The B-Lymphocyte and T-Lymphocyte Attenuator/CD160:Herpes Virus-Entry Mediator Pathway
With the deepening of research, we should not rule out the possibility that additional co-signaling molecules and ligands, or novel function and ligands for known molecules, remain to be discovered. For instance, the BTLA/CD160:HVEM co-inhibitory pathway has become the new research focus in recent years. HVEM (TNFRSF14, CD270) is widely expressed in both hematopoietic and non-hematopoietic cells and has a complex function. BTLA, a receptor of IgSF, is expressed on the cell membrane of most lymphoid hematopoietic cells, and CD160, a newly discovered receptor of HVEM, is mainly expressed on the surface of cytotoxic cells and T cells (Rodriguez-Barbosa et al., 2019). The combination of HVEM with BTLA or CD160 can attenuate T cell receptor-mediated signal transduction and inhibit T cell activation, but when HVEM binds to LIGHT or LTalpha, the co-stimulatory ligands of HVEM, it can stimulate the activation of T cells and stimulate the immune response of the host (Rio et al., 2009). Therefore, HVEM has dual-functional activity, but mainly negative regulation mediated by BTLA and CD160 (Rodriguez-Barbosa et al., 2019).
The Role of the BTLA/CD160:HVEM Pathway in Psoriasis
Recent study showed that the gene expression of CD160 and BTLA was significantly lower in psoriasis patients with health control (Youssef et al., 2019; Li et al., 2021). Another study reported that CD160 acts as a co-activator receptor for CD3-induced proliferation of CD4+CD160+ T cells isolated from psoriatic lesions (Abecassis et al., 2007). However, the mechanism that CD160/BTLA pathway acts as a role in the pathogenesis of psoriasis is not clear. Therefore, adding more insight to the mechanisms of co-signaling molecule in psoriasis may help to establish a basis for novel treatment strategies and provide new and more effective therapeutic option.
CONCLUSION
In this review, we have discussed the different role of co-signaling molecules in psoriasis and the status of developing drugs targeting these co-signaling molecules. These co-signaling molecules not only have differential expressions in patients with psoriasis compared with healthy controls, but also are associated with disease severity, which might serve as potential biomarkers for psoriasis. Several biologics targeting the co-signaling molecules have shown promising outcomes for psoriasis patients, more clinical trials still need to be conducted to assess the long-term efficacy and side effects. For instance, efalizumab, a humanized mAb against LFA-1, has shown some efficacy in the preclinical study and early stage of clinical trials for psoriasis treatment, but it has been halted because of the risk of progressive multifocal leukoencephalopathy. In the future, the safeties of these new drugs targeting co-signaling molecules should be paid more attention and whether it is feasible to reduce the incidence of adverse reactions by targeting co-signaling molecules on specific cell types associated with psoriasis is worth exploring. In addition to individual applications, combining multiple biologics that target different co-stimulatory pathways and co-inhibitory pathways in psoriasis can be tested in the future.
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Acetaminophen (APAP), one of the most common antipyretic analgesics, which is safe at therapeutic dose, cause acute liver injury and even death at overdose. However, the mechanism of APAP-induced inflammation in liver injury is still controversial. Therefore, effective drug intervention is urgently needed. The aim of this study was to explore the inflammatory exact mechanism of APAP, especially on neutrophils, and to study the intervention effect of Chikusetsusaponin V (CKV) derived from Panax japonicus. Establishment of hepatotoxicity model of APAP in vitro and in vivo. In vitro, HepG2 cells, AML12 cells, primary mouse hepatocytes and neutrophils were used to mimic APAP-affected hepatocytes and neutrophil. In vivo, C57BL/6 mice were administrated overdose of APAP with or without neutrophil depletion or abolishing neutrophil extracellular traps (NETs) formation. In this study, APAP stimulation increased the level of HMGB1, IL-1β and Caspase-1 in mouse liver, especially hepatocytes, which had a synergistic effect with LPS/ATP combination. NETs were formatted at early stage of APAP or HMGB1-stimulated neutrophils’ damage. Conditioned mediums from APAP-treated hepatocytes induced more significant NETs than direct APAP stimulation. Neutrophil depletion or abolishing NETs formation decreased HMGB1 level, eventually blocked hepatocytes necrosis. CKV pretreatment interfered Caspase-1 activation and HMGB1 release in APAP-damaged hepatocytes. CKV also prevented NETs formation. These results indicate that the production of HMGB1 may depend on the activation of Caspase-1 and play a key role in liver inflammation caused by APAP. The cross-dialogue between hepatocytes and neutrophils can be mediated by HMGB1. Therefore, CKV has a positive intervention effect on NETs-related inflammation in APAP-damaged liver, targeting Caspase-1-HMGB1.
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INTRODUCTION
Drug-induced liver disease induced by drug abuse has become the primary cause of acute liver failure and liver transplantation (Stine and Chalasani, 2015). Under the situation of the spread of the epidemic situation of COVID-19, the risk of drug-induced liver injury induced by misadministration of Acetaminophen (PubChem CID: 1983, APAP) may increase. APAP belongs to acetaniline non-steroidal antipyretic analgesics, which is one of the most commonly used antipyretic analgesics in clinic. It is safe within the therapeutic dose, but long-term, overdose or drinking during medication will increase the risk of hepatotoxicity caused by APAP (Lee, 2017; Chayanupatkul and Schiano, 2020). N-Acetyl Cysteine (PubChem CID: 12035, NAC) is the only clinical antagonist for APAP poisoning at present, but its treatment window is narrow and can only achieve sufficient curative effect within 12 h (Celona et al., 2011). Therefore, there is an urgent need to clarify the pathological mechanism of liver injury caused by APAP and to develop new therapeutic targets for its clinical treatment.
The pathological mechanism of hepatotoxicity caused by excessive APAP has obvious stages, that is, metabolic stage, injury stage and repair and regeneration stage (Mossanen et al., 2016; Woolbright and Jaeschke, 2017; Yan et al., 2018). In the injury stage of APAP hepatotoxicity, the landmark pathological phenomenon is the oxidative stress of organelles caused by mitochondrial protein conjugates, and the downstream event is the inflammatory response after cell death (Antoniades et al., 2012). Cell death and rupture release Damage-Associated Molecular Patterns (DAMPs), they are a kind of endogenous molecules released by self-cell death and play the role of endogenous danger signals. These endogenous molecules include High Mobility Group Box-1 Protein (HMGB1), DNA fragments and Adenosine Triphosphate (ATP) (Canesin et al., 2020). Among them, HMGB1 is passively released from the nucleus and binds to Toll-like Receptor 4 (TLR4) and advanced glycation end product receptor Receptor for Advanced Glycation Endproducts (RAGE) to produce related inflammatory factors and participate in the regulation of inflammation (Maroso et al., 2011). Therefore, as an important initiating factor of inflammation, DAMPs is the key node in the study of liver inflammation induced by APAP.
In addition, HMGB1 inhibitors also showed a longer treatment window than NAC (Lundbäck et al., 2016). Therefore, the development of therapeutic agents to shorten the injury phase for inflammatory targets by HMGB1 is a potential clinical strategy to improve liver injury caused by APAP. Interleukin-1β (IL-1β) is a powerful inflammatory factor, mainly produced by macrophages. Activation of Caspase-1 driven by NOD Like Receptors Protein P3 (NLRP3) inflammatory bodies promotes the release of HMGB1 and proinflammatory cytokine IL-1β through pyroptosis (Lamkanfi et al., 2010; Jiang et al., 2017; Li et al., 2018; Jiang et al., 2020). In the current study, we also explored the relationship between Caspase-1 and HMGB1 in the mechanism of liver inflammation in APAP in vivo and in vitro.
Inflammation is a common characteristic of acute and chronic liver disease caused by pathogenic factors such as drugs (Zou et al., 2009), alcohol (Mandrekar and Szabo, 2009) and viruses (Abe et al., 2010). Neutrophil extracellular traps (NETs) are large extracellular reticular structures, composed of cytoplasm and granule proteins, and assembled on a non-concentrated chromatin scaffold (Muñoz et al., 2016). Early studies found that NETs are composed of more than twenty proteins, including neutrophil elastase (NE) and myeloperoxidase (MPO) (Lood et al., 2016). However, the formation of NETs and the HMGB1 release in APAP-induced liver injury is still elusive. Therefore, we depleted neutrophils or degraded NETs in APAP-treated mice by DNase I to explore the possibility of targeting to the interactive dialogue between HMGB1 and NETs in APAP hepatotoxicity.
At present, the strategies of natural products to improve APAP liver injury mainly include anti-oxidation, anti-inflammation, inhibition of liver microsomal enzymes (Domitrović and Potočnjak, 2016). Panax japonicus (T.Nees) C. A. Mey, also known as also known as Bamboo ginseng (“Zhujieshen”), belongs to the Araliaceae family. Chikusetsusaponin V (PubChem CID: 11815492, CKV), a saponin from Panax japonicus has been reported to reduce the level of inflammatory cytokines in serum induced by lipopolysaccharide (LPS) by inhibiting nuclear factor-κB (NF-κB) and mitogen activated protein kinase (MAPK) signal pathway, and improve liver injury in mice (Dai et al., 2016). Thus, currently we aimed to discover the modulation of HMGB1 release targeting NETs formation in APAP-induced liver injury, and based on the strategy to investigate the underlying mechanism how CKV alleviate the APAP-induced liver injury.
MATERIALS AND METHODS
Reagents
APAP, NAC, Histopaque®-1119, Histopaque®-1077 and ATP disodium salt (PubChem CID: 16218877) were purchased from Sigma Chemical Co. (St. Louis, MO, United States). CKV was obtained from the National Institute for the Control of Pharmaceutical and Biological Products (>99% purity; Beijing, China) and was dissolved in saline. Ultrapure LPS from Escherichia coli O111:B4 was purchased from InvivoGen (San Diego, CA, United States). The fluorescent secondary antibodies Goat anti-Rb IgG Alexa Fluor-488, anti-Rb IgG Alexa Fluor-594 and 4′, 6′-Diamidino-2-phenylindole (DAPI) were purchased from Abcam (Cambridge, MA, United States). The antibodies involved and their concentrations are as follows: anti- HMGB1 (Abcam, ab79823), anti- IL-1β (R & D Systems, AF-401-NA), anti- Caspase-1 (sc-56036, Santa Cruz, CA, United States), anti- P2x7R (Abcam, ab48871), anti- MAPLC3β (G-2) (Santa Cruz, sc-271625), anti- MAPLC3β (G-4) (Santa Cruz, sc-398822), anti- MAPLC3β (G-9) (Santa Cruz, sc-376404), anti- NE (Abcam, ab68672), anti- PR3 (Abcam, sc-74534), anti- RAGE (Santa Cruz, sc-365154), anti- F4/80 (Abcam, ab6640), anti- NLRP3 (Abcam, ab4207), anti-Myeloperoxidase (Abcam, ab208670). Horseradish peroxidase (HRP)-conjugated goat anti-mouse, goat anti-rabbit and donkey anti-goat antibodies were purchased from Abcam. PE anti-mouse Ly-6G Antibody was purchased from BioLegend (San Diego, CA, United States). The BCA Protein Assay Kit, Methylthiazolyldiphenyl—tetrazolium bromide (MTT) and DNase I were obtained from Beyotime (Nantong, Jiangsu, China). The cell culture mediums (Gibco) were all purchased from Invitrogen (Carlsbad, CA, United States).
Animals and Models
Male C57BL/6 mice (8–10 weeks old, 20–22 g) were purchased from Changchun Yisi Laboratory Animal Technology Co., Ltd. [(SPF, SCXK [JI] 2018-0007), Jilin, China]. The mice were housed in an animal facility at Yanbian University and were fed a standard chow diet and given tap water ad libitum. All mice were maintained at a temperature of 23 ± 2°C, with a relative humidity of 55 ± 5% and 12/12-h light/dark cycles. All animal experiments carried out the National Institutes of Health guide for the care and use of Laboratory animals (NIH Publications No. 8023, revised 1978) and were approved by the Animal Research Committee of Yanbian University, China. The animals were treated humanely, and all efforts were made to minimize the animals’ suffering as well as the animal numbers. Animal studies are reported in compliance with the ARRIVE guidelines (Percie du Sert et al., 2020).
Mice were exposed to four different model protocols. 1) Establishment of a controlled feeding model of APAP-induced liver injury in mice: To explore the effect of eating factors on liver injury induced by APAP in mice. The mice were randomly divided into five groups (n = 6 per group), including a control group, APAP treatment 12 h fasting or no fasting group and APAP 24 h fasting or non-fasting group. The mice were treated by intragastric administration of APAP300 mg/kg for 12 h or 24 h, and their food intake was controlled respectively. The way of diet control is to start fasting 12 h before the administration of APAP and not to abstain from water. 2) Establishment of time gradient model of APAP-induced liver injury in mice under fasting condition: To explore the phase of liver injury induced by APAP in mice under fasting condition. The mice were randomly divided into four groups (n = 6 per group), including a control group, APAP300 mg/kg treated groups for 6, 12 and 24 h, respectively, and fasted does not prohibit water before 12 h administration. 3) Establishment of mouse model of neutrophil neutralization: To explore the effect of neutrophils on liver injury induced by APAP in mice. Mice were injected intraperitoneally with Ly6G antibody (200 μg/mouse) to neutralize neutrophils 24 h before APAP300 mg/kg treatment, and then treated with APAP for 12 h. The Ly6G antibody control group was set up, and the mouse were fasted 12 h before the administration of APAP and not to abstain from water. 4) Establishment of a mouse model of NETs depletion: To explore the effect of NETs on liver injury induced by APAP in mice. The mice were treated with APAP 300 mg/kg for 1 h and then injected with DNase I (100 mg/kg), APAP into the abdominal cavity for 12 h. Because the NETs of neutrophils is a DNA grid containing cytokines and chemokine proteins ejected from the cells during the suicidal death of neutrophils, it is digested with DNA enzyme to deplete it. In this experiment, DNase I control group was also set up, and the mouse were fasted does not prohibit water 12 h before the administration of APAP.
All mice were anesthetized with isoflurane. Blood was collected by direct cardiac puncture. The entire liver was removed, and a portion of tissue from the same lobe of the liver in each mouse was embedded in OCT Compound (Tissye-Tek®; Sakura Finetek, Torrance, CA) or 10% neutral buffered formalin for histological analysis. The rest of the tissue was snap frozen in liquid nitrogen and then stored at −80°C until analyzed.
Isolation of Primary Mouse Hepatocytes
Primary hepatocytes were isolated from male C57BL/6 mice aged 10–12°weeks, and the whole liver was perfused through hepatic portal vein and inferior vena cava. First, blood from the liver was perfused with HBSS perfusion solution containing EDTA, and then the liver was perfused with William’s E Medium (WME) containing collagenase. The enzymatic hydrolyzed liver was treated into cell suspension, then the seed plate was eluted and purified with WME culture medium, and then adhered to the wall for 4 h. In order to ensure the viability and experimental consistency of primary hepatocytes, they should be separated and used at any time.
Isolation of Mouse Neutrophils
The femur and cervical thigh of male C57BL/6 mice aged 10–12 weeks were separated. The bone marrow fluid was flushed out with RPMI medium containing 10% FBS, EDTA (2 mM) and HEPES (25 mM). After collecting cells by 427 × g elution, red blood cells were broken with 0.2 and 1.6% sodium chloride solution. After many times of elution, the cells were collected with ice PBS and separated with Histopaque solution. Histopaque1119 and Histopaque 1077 were slowly added to the test tube, respectively, and finally covered with PBS cell suspension, and the cells were isolated by centrifugation. Neutrophils were collected between Histopaque1119 and Histopaque 1077. Finally, it was eluted with EDTA-free medium for 3 times and used after 6 h of adhesion. Neutrophils should be isolated and used at any time because of their high activity and short life span.
Cell Culture and Treatment
The human hepatoma cell line, HepG2 and the AML12 (alpha mouse liver 12) cell line, were generous gifts from Professor Jung Joon Lee (Korea Research Institute of Bioscience and Biotechnology, Daejeon, Korea).
HepG2 cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 units/ml penicillin G, and 100 mg/ml streptomycin at 37°C in 5% CO2. AML-12 cells were incubated in DMEM/F12 medium supplemented with penicillin (100 U/ml), streptomycin (100 mg/ml), 10% FBS and a mixture of insulin-transferrin-selenium (1%), dexamethasone (40 ng/ml), GlutaMAX (1%) and non-essential amino acids (NEAA) at 37°C under 5% CO2. Cells were maintained at a density between 1 × 105 and 1 × 106 cells/m. The cells were passaged by trypsinization every 2 or 3 days, and the experiments were performed using cells from the fourth to the seventh passages.
Primary mouse hepatocytes were cultured in Martrigel-plated plates and cultured in WME medium containing 7% FBS, dexamethasone, sodium pyruvate, and ITS at 37°C and 5% CO2. Mouse neutrophils were cultured in RPMI medium containing 10% FBS, HEPES (25 mM), Glutamix, and penicillin streptomycin. The serum-free medium was used when the drug was given.
AML12 cells, HepG2 cells and primary mouse hepatocytes were treated with different concentrations of APAP for 0–24 h. LPS combined with ATP was treated with LPS (1 μg/ml) for 4 h and then treated with ATP (3 mM) for 30 min. When treated with LPS/ATP and APAP, HepG2 cells were treated with APAP (10 mM), AML12 cells were treated with APAP (5 mM) for 24 h, and LPS/ATP was given a second hit in the last 4 h. The treatment of cross-dialogue between primary hepatocytes and neutrophils. The supernatant was collected after the primary hepatocytes were treated with APAP (5 mM) for 24 h. The supernatant of 200 × g centrifugal 5 min was treated and cultured on neutrophils for 2 h to detect the expression of NE. Neutrophils were stimulated with HMGB1 protein 100 ng/ml for 2, 4, and 8 h to detect the expression of NE.
Measurement of Cell Viability by MTT Assay
The effect of APAP on cell survival rate was detected by MTT. The toxicity of AML12 and HepG2 of APAP with different concentration gradients was detected under the time gradient of 0–24 h. MTT was added and incubated for continuous 3 h. The content of purple formazan was detected using a microplate reader at 540 nm.
Biochemical Assays
Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were detected by using a commercial colorimetric kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China) according to the manufacturer’s protocols, and then measured by Autodry Chemistry Analyzer (SPOTCHEM™ SP4410, Arkray, Japan).
ELISA
Interleukin-1β (IL-1β) protein level was measured by mouse IL-1β/IL-1F2 DuoSet ELISA Kit from R&D Systems (DY401, Minneapolis, MN, United States) according to the manufacturers’ instructions.
Liver Histopathological Analysis
For hematoxylin and eosin (H&E) staining, the liver sections were fixed in 10% neutral buffered formalin, dehydrated in descending grades of ethanol, and embedded in paraffin. Sections (5 μm) of the liver were deparaffinized and stained with hematoxylin and eosin in sequence. The stained slides were visualized with a Nikon TI-E fluorescence microscope (Nikon, Tokyo, Japan). All analysis was carried out in a blinded manner.
Liver apoptosis was performed with Colorimetric TUNEL Apoptosis Assay Kit purchased from Beyotime Biotechnology (C1091, Beijing, China) according to the manufacturers’ instructions. Paraffin sections (5 μm) were dewaxing and retrieval with DNase free proteinase K, blocking with Peroxidase Streptavidin after incubating slides with staining solution, HRP labeled samples were visualized with DAB. Images were acquired by BX53 upright microscope (Olympus, Tokyo, Japan). All these examinations were carried out in a blinded manner.
Immunohistochemistry
Paraffin sections (5 μm) were deparaffinized in xylene and dehydrated in progressively increased concentration of ethanol. Then the sections were microwaved in 10 mM sodium citrate buffer (pH 6.0) and cooled to room temperature. Blocking the slides with 3% hydrogen peroxide, 5% goat serum and Streptavidin Blocking solution (SP-2002, Vector Laboratories, Inc., Burlingame, CA, United States). The sections were incubated with the primary antibodies and followed by the specific secondary antibodies. After blocking the slides with Peroxidase Streptavidin (SA-5704, Vector Laboratories, Inc., Burlingame, CA, United States), bound antibodies were visualized with Lab Vision™ DAB Plus Substrate Staining System (TA-060-HDX, Thermo Fisher Scientific, Fremont, CA, United States). Images were acquired by Ti-E inverted microscope (Nikon, Tokyo, Japan) or BX53 upright microscope (Olympus, Tokyo, Japan). All these examinations were carried out in a blinded manner.
Single/Double Immunofluorescence Staining
The cells were fixed with 4% paraformaldehyde solution and were incubated in 0.5% Triton X-100 (v/v) in PBS for 20 min. Five-micrometre cryostat sections were fixed in a 1:1 acetone–methanol mixture. Frozen sections or cells were incubated in a blocking solution with 5% goat serum, followed by incubation with primary antibodies overnight at 4°C and then with appropriate secondary antibodies. Caspase-1 was analyzed by FLICA fluorescence staining, frozen sections were fixed and sealed with goat serum, then FLICA staining solution and washing solution were added successively to elute the unstained dye. Mounted the slides with DAPI and protected them away from light 30 min before observation. The fluorescence was visualized by a FV10i Confocal Laser Scanning Microscope from Olympus or BX53 Olympus microscope. All these examinations were carried out in a blinded manner. The immunofluorescence intensity was analyzed with Image Pro-Plus 6.0 (Media Cybernetics, Inc., MD, United States). The averaged percentage of immunostaining area was calculated from at least three nonadjacent sections of each sample.
Western Blotting
The total proteins of cells and liver samples were extracted using lysis buffer (Abcam, Cambridge, MA, United States) supplemented with protease and phosphatase inhibitors (Roche Diagnostics, Mannheim, Germany). Equal quantities of protein (20 μg) were loaded onto an 8–12% gel, separated by SDS-PAGE, and transferred to PVDF membranes (Amersham Hybond, GE Healthcare Bio-Sciences, Pittsburgh, PA, United States). Next, the membranes were blocked with 5% skim milk in PBS containing 0.05% Tween 20 and were incubated at 4°C overnight with the primary antibodies. Thereafter, the membranes were incubated with the appropriate HRP-conjugated secondary antibodies, and the signals were visualized using the Amersham ECL Prime Western Blotting Detection Reagent (RPN2232, GE Healthcare, United Kingdom). The intensity of the protein bands was quantified using Quantity One software (Bio- Rad, CA, United States). Intensity values of the relative protein levels were normalized to GAPDH (Abcam, ab8245; 1:10000) or β-actin (Abcam, ab133626, 1:10000).
RNA Extraction and RT-PCR
Total RNA from cells and mouse liver was isolated using Eastep® Super Total RNA Extraction Kit (LS1040, Promega, Madison, WI, United States) according to the manufacturer’s instructions. RT-PCR was performed using primers specific for the genes, primer sequences are listed in the Table 1. In brief, 1 μL of the cDNA obtained from the reverse transcription reactions were amplified in a total volume of 20 μL consisting of 1 × GoTaq reaction buffer, 2 U GoTaq DNA polymerase, 12.5 nM dNTP Mix, gene-specific primers were added at a final concentration of 200 nM (all reagents were from Promega). Thermal cycles of 30 s at 95°C, 30 s at annealing temperature, 1 min at 72°C, and a final elongation step at 72°C for 10 min. The PCR products were subjected to electrophoresis on 2% agarose and stained with ethidium bromide. The transcriptional level of the same sample was normalized by GAPDH mRNA, and the quantitative analysis and presentation followed the MIQE guidelines.
TABLE 1 | Primer sequences used for RT-PCR
[image: Table 1]Quantitative Real-Time PCR Assay
qPCR was performed on an Mx3000 P qPCR System (Agilent, Germany) with SYBR Green Master Mix (Life Technologies, Carlsbad, CA). The forward (F) and reverse (R) primers of RNA are listed in the Table 2. The level of mRNA were normalized to GAPDH, and the relative fold difference was quantified using the comparative threshold cycle (ΔΔCt) method, and the quantitative analysis and presentation followed the MIQE guidelines.
TABLE 2 | Primer sequences used for real-time qPCR.
[image: Table 2]Statistics
All values are presented as mean ± SD. The comparison of the results was evaluated by one-way analysis of variance (ANOVA) and Tukey’s multiple comparison tests. Statistically significant differences between groups were defined as p-values less than 0.05. Calculations were performed using the GraphPad Prism program (Graphpad Software, Inc., San Diego, CA, United States).
RESULT
Acetaminophen Promoted Inflammatory Factors in Hepatocyte
Different cell lines have different tolerance to APAP, the effect of APAP on cell viability was detected in HepG2 cells and AML12 cells, with concentration gradient of 0.1–100 mM within 24 h. The results showed that when the dose of APAP given to HepG2 cells was 10 mM, the toxicity occurred in 12 h, and the toxicity occurred in 1 h when the dose was 100 mM. However, when APAP doses of 10 mM or 100 mM were given to AML12 cells, obvious cytotoxicity appeared in only 1 h. This indicates that AML12 cells are more sensitive to APAP (Figures 1A,B). Figure 1C shows the time gradient screening of AML12 cells at 5 and 10 mM doses of APAP. The results showed that under the same treatment time of 6 and 12 h, APAP 5 and 10 mM produced equivalent toxicity. As a result, it was determined that AML12 cells were used in the subsequent in vitro experiment, and the concentration of APAP was 5 mM.
[image: Figure 1]FIGURE 1 | APAP in vitro experimental concentration screening and the influence of inflammation-related indicators after stimulating hepatocytes. (A,B) The effect of APAP with a concentration gradient of 0–100 mM on the cytotoxicity of HepG2 and AML12 under a 24 h time gradient. (C) The cytotoxicity of AML12 cells treated with a time gradient of 1–24 h at concentrations of APAP5 mM and 10 mM. (D) The level of IL-1β in the supernatant of AML12 cells treated with 0–100 mM APAP for 1–24 h *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from 1 h group. (E,F) Treat AML12 cells with APAP (5 mM) under a time gradient of 0–24 h. The protein expression levels of HMGB1, pro-caspase-1 and pro-IL-1β and the gray density relative to β-actin were analyzed. (G,H)Fluorescence expression of HMGB1 and Caspase-1 after APAP (5 mM) stimulated AML12 cells under different time gradients within 0–24 h (I,J) Quantitative analysis of relative fluorescence intensity of G and H. All images were magnified by 400×. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from the normal group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates. Green is HMGB1 staining, red is Caspase-1 staining, blue is DAPI.
AML12 cells were stimulated with APAP at different time gradients or concentration gradients. The results in Figure 1D showed that 0.1, 1 and 10 mM APAP began to secrete IL-1β at 12 h, but there was no change in 100 mM APAP. It is speculated that it may be due to excessive cell damage or necrosis leading to loss of cell function. In addition, at 1 h and 3 h, 0.1 mM–100 mM APAP reduced the secretion of IL-1β. There was no effect at 6 h, and IL-1β secretion level increased at 12 h, of which 1 mM was the highest. At 24 h, IL-1β secretion decreased, and there was no significant difference compared with the normal group. The secretion of IL-1β presents different response trends with 6 h as the boundary, indicating that 6–12 h is the injury phase, and the cells are undergoing complex inflammatory reactions before and after 6 h, and 6–12 h may be the time window for cell-level treatment and rescue of damaged cells.
In order to further determine the role of inflammation in the in vitro model of APAP, the expression of inflammation-related proteins in AML12 cells stimulated by APAP was detected at different time gradients. The results showed that the expression of pro-caspase-1 and pro-IL-1β increased after administration of APAP1 h, and showed a downward trend after 24 h (Figure 1E). The expression of HMGB1 increased after administration of APAP3 h and decreased gradually after 24 h (Figure 1G). Caspase-1 is a prerequisite for the maturation of inflammatory cytokines. The release of HMGB1 from hepatocytes is mediated by Caspase-1 through inflammatory bodies. After 2 h of cell administration, Caspase-1 responded rapidly, and its protein expression reached a peak, and gradually decreased after 24 h (Figure 1H).
Acetaminophen Synergized With LPS/ATP Magnified Caspase-1-HMGB1 Related Inflammation in Hepatocytes
In order to better simulate the actual situation of inflammation in vivo, ATP combined to LPS was treated to APAP-stimulated hepatocyte as a second signal to magnify inflammasome-related inflammation. The expression of HMGB1 in cells increased to a higher level after APAP combined with LPS and ATP (Figures 2A–C,F). The results of Caspase-1 showed the same trend as that of HMGB1 (Figure 2D,G), indicating that the second signal formed by LPS/ATP combined with APAP was related to the activation of Caspase-1. In addition, the degree of apoptosis further increased (Figure 2E).
[image: Figure 2]FIGURE 2 | Changes in inflammatory indexes in vitro model of APAP induced by LPS/ATP combined with stimulation. (A,B) HMGB1 protein expression and quantitative analysis relative to GAPDH. (C,D) Immunofluorescence staining of HMGB1 and Caspase-1, the image is magnified 600×. (E) TUNEL staining, the image is magnified 400×. (F,G) Relative fluorescence quantitative analysis of C and D. #p < 0.05, ##p < 0.01, ###p < 0.001, significantly different from APAP group. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from the normal group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
Neutrophil Extracellular Traps Shaped the Crosstalk Between Neutrophils and Hepatocytes During Acetaminophen Stimulation
The formation of NETs are considered to be a kind of cell death with the result of inflammation (Papayannopoulos, 2018; Wang et al., 2020). The expression of NE and MPO, the landmark indicators of NETs activation, increased within 8 h of APAP treatment in mouse primary neutrophils, and reached the peak within 2 h, when part of the NETs formed completely, and then this phenomenon gradually disappeared (Figures 3A,B).
[image: Figure 3]FIGURE 3 | APAP induces the formation of primary neutrophils NETs and there is a cross-talk between HMGB1 mediated neutrophils and APAP-induced primary hepatocytes. To study the effect of APAP on the formation of neutrophil NETs, APAP (5 mM) treated AML12 cells for 0–8 h (A,B) The parallel results of NE and MPO immunofluorescence staining and APAP treatment for 2 h. (C) Neutrophils treated with 100 ng/ml HMGB1 protein for 0–8 h. (D) Crosstalk between primary mouse liver cells and neutrophils. After the primary mouse hepatocytes was treated with APAP (5 mM) for 24 h, the supernatant was used as a conditioned medium and cultured on neutrophils for another 2 h. The results of the immunofluorescence of NE in the neutrophils were obtained. The display image is the result of 600× magnifications taken by Olympus confocal microscope.
When the liver is damaged and produces inflammation, neutrophils are first recruited to the liver, which is the first line of defense against aseptic inflammation (Villanueva et al., 2011; Khandpur et al., 2013). We studied the possible role of hepatocytes on the recruitment of neutrophils to the liver after APAP stimulation under aseptic inflammation, and to explore the cross-dialogue between primary hepatocytes and neutrophils stimulated by APAP. First, the HMGB1 protein (100 ng/ml) was processed on the neutrophils under a time gradient of 0–8 h. In the nuclear staining, it can be seen that NETs gradually formed and the expression of NE increased (Figure 3C). Subsequently, the primary mouse hepatocytes were stimulated with APAP for 24 h, and the culture medium was treated on neutrophils for 2 h. Compared with APAP directly stimulating neutrophils, it was found that the damaged hepatocytes caused the neutrophils to be further activated, NETs formation increases, and NE expression increases (Figure 3D). The above data showed that the crosstalk between neutrophils and primary hepatocytes may be mediated by HMGB1.
Fasting Deteriorated Autophagy and Inflammatory Neutrophil Extracellular Traps Formation in Acetaminophen-Induced Mice Liver Injury
According to the preliminary experiment, it was found that whether mice fasted or not before APAP stimulation had a significant effect on the degree of APAP-induced liver injury in mice. Therefore, in order to eliminate the interference of fasting factors in subsequent in vivo experiments, we verified the effects of fasting factors on APAP liver injury and inflammation. Before APAP 12 and 24 h treatments, we fasted mice for 12 h but not to refrain from water. After TUNEL staining, it was found that the fasting mice treated with APAP showed more severe liver apoptosis (Figure 4A) than the non-fasting mice, and the mRNA levels of inflammatory indexes IL-1β, Caspase-1 and P2X7R were significantly increased (Figures 4B–D). This shows that the in vivo model of APAP mice is sensitive to fasting factors.
[image: Figure 4]FIGURE 4 | Effect of fasting factors on the in vivo model of liver injury induced by APAP. C57B/6 mice were randomly divided into five groups: normal group, APAP (300 mg/kg) 12 h fasting or not fasting group and 24 h fasting or not fasting group. (A) TUNEL staining, the image was magnified by 200×. (B,C) mRNA expression of IL-1β, Caspase-1 and P2X7R and their relative expression levels relative to GAPDH. (D) (E) Real-time quantitative PCR results of IL-1β. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from the normal group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
In order to study the mechanism of liver injury induced by APAP under fasting, we examined the immune response in the liver of mice at different times. It was found that under the condition of fasting for 6, 12, and 24 h, the arrangement regularity of hepatocytes decreased, the cellular stroma enlarged with a large number of lymphocytes infiltration, the apoptosis of mouse tissue increased and the liver index increased (Figures 5A–C). The level of IL-1β in serum of mice increased significantly from 6 h and remained stable after 6 h (Figure 5D). During the production of NETs, the mRNA expression of chemokines CXCL1 and CXCL2 produced by neutrophils (Figures 5E,F), characteristic proteins PR3 and MPO, NE and macrophage marker F4/80 protein expression levels were the highest at 12 h (Figures 5G–K). Autophagy is the stress response produced when the liver is damaged. The expression of autophagy-related proteins MAPLC3β (G-2) and MAPLC3β (G-9) increased at 12 h, and MAPLC3β (G-4) did not change (Figures 5J,K). It is shown that the process of liver damage caused by APAP under fasting conditions is related to the process of autophagy.
[image: Figure 5]FIGURE 5 | Evaluation of liver injury induced by different time gradients of APAP under fasting condition and the expression of chemokines and autophagy-related proteins in the in vivo model of APAP liver injury. C57BL/6 mice were randomly divided into normal groups, APAP (300 mg/kg) 6, 12 and 24 h groups. Fasting began 12 h before APAP was given. (A,B) HE and TUNEL staining, the image is magnified 200×. Specific staining indicated by arrow. (C) Liver weight index. (D) Expression of IL-1β in serum. (E,F) Real-time quantitative PCR results of chemokine CXCL-1 and CXCL-2. (G–I) Immunochemical staining of MPO, NE and F4/80, the image is magnified 400×. (J,K) MAPLC3β (Gmur2), MAPLC3β (Gmur4), MAPLC3β (Gmur9), NE and PR3 protein expression and gray-scale density analysis relative to β-actin. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from the normal group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
Results of (Figure 6) showed that there was a strong inflammatory reaction in the phase of liver injury induced by APAP under fasting condition, and the expression levels of HMGB1, RAGE, pro-IL-1β, P2X7R and pro-caspase-1 were markedly increased. Among them, P2X7R, as the receptor of ATP, can activate the NLRP3 inflammasome, complete the release of Caspase-1, and participate in the body’s inflammatory response. This indicates during APAP injury, the increase of HMGB1 and IL-1β may amplify the inflammatory response through the activation of Caspase-1 by RAGE and P2X7R.
[image: Figure 6]FIGURE 6 | The inflammatory mechanism of liver injury in APAP fasting model was observed at 12 h in the damage phase. (A,B) Normal group and fasting group, 12 h after APAP (300 mg/kg) treatment, western blot results of HMGB1, its receptor proteins RAGE, IL-1β, Caspase-1 and P2X7R and its quantitative analysis relative to GAPDH. (C) HMGB1 and P2X7R immunohistochemical staining, image magnification 200×, of which HMGB1 magnification 400×. The position indicated by the arrow is the characteristic stain. (D,E) FLICA staining and relative fluorescence quantitative analysis of Caspase-1, the image is magnified 200×. #p < 0.05, ##p < 0.01, ###p < 0.001, significantly different from normal group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
Neutrophils Are Indispensable in Acetaminophen-Induce Liver Injury
Neutrophils are the most abundant effector cells in the human immune system. NETs formed after infection exists for several days and can be degraded by nuclease DNase I in the cytoplasm (Wong et al., 2015; Han et al., 2019). In order to study the role of neutrophils in APAP-induced liver injury, we established a neutrophil depletion model and carried out enzymatic hydrolysis of NETs produced by neutrophils during immune behavior. Compared with the normal group, there was no significant change in the liver morphology of mice treated with Ly-6C/6G and DNase I alone, but the liver tissue surface color uniformity, elasticity and smoothness of the group treated with APAP were significantly reduced, and the tissue staining showed Severe inflammatory infiltration, tissue damage and apoptosis (Figures 7A–C), NE, MPO and HMGB1 expression significantly increased (Figure 7D), liver index, ALT and AST also significantly increased (Figures 7E–G). At the same time, by immunofluorescence double staining of NE and MPO, a clear NETs reaction was observed, indicating that NETs participated in the injury response during the liver injury process (Figure 7H).
[image: Figure 7]FIGURE 7 | Effects of neutrophils and NETs on liver injury induced by APAP. C57BL/6 mice were randomly divided into six groups: normal group, Ly6C/6G group, DNase I group, APAP group, APAP + Ly6C/6G group and APAP + DNase I group. Ly6C/6G (200 μg/mouse) was injected intraperitoneally 24 h before APAP (300 mg/kg) treatment. DNase I (10 mg/kg) was injected intraperitoneally 1 h after APAP treatment. (A) Morphology of mouse liver tissue samples. (B,C) HE and TUNEL staining. (D) Immunohistochemical staining of NE, MPO and HMGB1. (E) Liver weight index. (F,G) The level of ALT and AST in serum. (H) Immunofluorescence staining of frozen sections of NE and MPO. Green and red fluorescent label NE and MPO, orange yellow label NE and MPO dual expression. All images were magnified by 400×. Specific staining indicated by arrow. *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from the normal group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
Chikusetsusaponin V Suppressed HMGB1 Release and Caspase-1 Activation in Hepatocytes and Neutrophil Extracellular Traps Formation in Neutrophils
CKV and NAC didn’t show any toxicity within 100 μM in AML12 cells during 24 h (Figure 8A). After that, the effect of CKV with a concentration gradient of 3.125–100 μM on the survival rate of AML12 cells stimulated by APAP (5 mM) for 3, 6 and 24 h was examined. The results showed that APAP did not produce obvious toxicity to AML12 cells at 3 h, but significantly at 6 and 24 h (Figures 8B–D). The results of in vitro experiments showed that the treatment of, CKV (100 μM) significantly decreased the expression of NLRP3, Caspase-1, IL-1β, and HMGB1 in AML12 cells induced by APAP, and inhibited NETs formation in APAP-treated primary neutrophils with decreasing NE and MPO (Figures 8E–J).
[image: Figure 8]FIGURE 8 | CKV reduces liver damage by inhibiting the release of HMGB1 and the activation of Caspase-1 in liver cells after APAP stimulation, and the formation of neutrophil NETs. (A) 24 h survival rate of AML12 cells stimulated by 3.125–100 μM CKV and 100 μM NAC. (B–D) 3.125–100 μM CKV and 100 μM NAC and APAP (5 mM) combined to stimulate the survival rate of AML12 cells at 3, 6 and 24 h (E,F) AML12 cells were simultaneously treated with 100 μM CKV and APAP (5 mM) for 3 h to detect the protein expression and relative quantitative analysis of NLRP3, pro-caspase1, cleaved-caspase1, pro-IL-1β and cleaved-IL-1β. (G–I) Immunofluorescence staining was used to detect the expression and relative quantitative analysis of Caspase-1 and HMGB1. The red fluorescent label is Caspase-1 and the green fluorescent label is HMGB1. (J) NE and MPO immunofluorescence staining. Green fluorescence labeled NE, red fluorescence labeled MPO, orange yellow labeled double expression of NE and MPO. All images were magnified by 600×. #p < 0.05, ##p < 0.01, ###p < 0.001, significantly different from normal group; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from APAP group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
Chikusetsusaponin V Alleviated Acetaminophen-Induced Inflammatory Response in Mice via Inhibiting Caspase-1-Mediated HMGB1 Release and Neutrophil Extracellular Traps Formation
Based on the previous experimental results, we detected the intervention effect of CKV on liver injury induced by APAP in vivo. APAP (300 mg/kg) was used to simulate the injury phase of liver poisoning caused by excessive APAP under fasting for 12 h. The dosage of CKV was set to 200 mg/kg, 100 mg/kg and 50 mg/kg, and NAC (100 mg/kg) was used as the positive control drug in animal experiment. The results showed that the three doses of CKV, high, medium and low, can alleviate the liver damage caused by APAP overdose. It can improve the uniformity, elasticity and smoothness of the liver tissue surface of mice (Figure 9A). HE staining revealed that the regularity of liver cell arrangement caused by APAP injury was reduced, and the intercellular substance became larger with a large amount of lymphocyte infiltration. CKV treatment can significantly improve the above characteristics (Figure 9B). In addition, ALT and AST also significantly decreased (Figures 9C,D). At the same time, CKV reduced the expression of TNF-α (Tumor Necrosis Factor-α) in the serum of mice caused by APAP (Figure 9E). The administration of CKV (200 mg/kg) also has an intervening effect on the infiltration of immune cells in the process of liver injury caused by APAP, effectively reducing the recruitment of neutrophils, monocytes and macrophages, manifested as NE, MPO, HMGB1 And F4/80 expression decreased (Figure 9F). CKV can significantly inhibit the expression level of HMGB1, NLRP3, Caspase1 and IL-1β in the liver at a dose of 200 mg/kg-50 mg/kg, and the effect is the best at a dose of 200 mg/kg. (Figures 9G–K).
[image: Figure 9]FIGURE 9 | Effect of CKV on liver injury and inflammation induced by APAP in mice. C57BL/6 mice were randomly divided into normal group, APAP alone group, APAP combined with CKV (200 mg/kg), CKV (100 mg/kg) or CKV (50 mg/kg) group, positive drug NAC (100 mg/kg) control group, and CKV (200 mg/kg) alone treatment group. CKV was given 1 h before APAP treatment, and mice were sacrificed 12 h after APAP treatment to collect samples. (A) Morphology of mouse liver tissue samples. (B) HE staining. (C,D) The level of ALT and AST in serum. (E) The ELISA results of different concentrations of CKV on the expression of TNF- α in serum of mice induced by APAP. (F) Immunohistochemical staining of NE, MPO, F4/80 and HMGB1. (G) The protein expression of HMGB1, NLRP3, pro-caspase1, cleaved-caspase1, pro-IL-1β, and cleaved-IL-1β and the mRNA expression level of IL-1β. (H) FLICA staining of Caspase-1. (I,J) G relative to GAPDH gray-scale density and gene expression analysis. (K) H relative fluorescence quantitative analysis. All images were magnified by 400×. The position indicated by the arrow is the characteristic stain. #p < 0.05, ##p < 0.01, ###p < 0.001, significantly different from normal group; *p < 0.05, **p < 0.01, ***p < 0.001, significantly different from APAP group. One-way ANOVA followed by Tukey’s test. The data are expressed as the mean ± SD of five independent assays with at least three replicates.
DISCUSSION
There is growing evidence that inflammation aggravates the pathological development of a variety of acute and chronic liver diseases (Tilg and Moschen, 2010; Silva and Peixoto, 2018). However, the role of inflammatory response in APAP-induced liver injury is not clear, and there is still much controversy (Woolbright and Jaeschke, 2015). In particular, under the current global situation of dealing with the epidemic situation of COVID-19, elucidating the mechanism of inflammation in the pathological process of APAP acute liver poisoning will not only find a new therapeutic target for the development of antidotes, but also provide reference strategies for the treatment of clinical drug-induced liver poisoning, which is of great significance.
Compared with other species, the acute hepatotoxicity model of APAP in mice best reproduced the pathological damage of human liver (McGill et al., 2012; Xie et al., 2014). In the process of APAP in vivo modeling, species, sex and genetic background are the key factors affecting modeling. Compared with mice, rats are not sensitive to the severity of hepatotoxicity caused by APAP, and the correlation with human clinical condition is very limited. In addition, although there was no significant difference in the severity of APAP-induced hepatotoxicity in humans, the sensitivity of mice to APAP liver injury was affected by gender factors. The level of glutathione in female mice was higher than that in males. Glutathione can be detoxified by binding to N-Acetyl-P-Benzoquinonimine (NAPQI), a toxic intermediate metabolite of APAP, so female mice are not comfortable and evaluation of APAP liver injury model in vivo (Du et al., 2014). In addition, some mouse models cannot fully simulate human APAP-induced acute liver failure, such as C3Heb/FeJ mice, after excessive administration of APAP, the death of mice is due to massive bleeding in the liver resulting in hypovolemic shock (Du et al., 2014; Liang et al., 2018), while human drug-induced liver failure is usually caused by sepsis. Although mice have been widely recognized as an experimental animal model for the study of APAP liver injury, it is worth noting that there are many key factors involved in mechanism research in different strains of mice due to differences in genetic background, including genetic response to acute inflammatory stress or differences in the activity of liver metabolic enzymes (Seok et al., 2013). Similarly, in vitro studies cannot fully reflect the metabolism of APAP in vivo. Therefore, strict and controllable clinical toxicity trials are very important to find therapeutic strategies for APAP liver poisoning in natural products. In this study, an in vitro and in vivo model of APAP hepatotoxicity was established to study the mechanism of the inflammatory reaction.
The cytotoxicity results showed that HepG2 cells showed higher tolerance to APAP (Figures 1A–C) than AML12 cells at the same concentration of APAP. Therefore, HepG2 as an in vitro model of APAP is still open to question, so in the follow-up experiments, we chose AML12 cells as the main object of study. APAP has obvious phase in the process of hepatotoxicity. In this study, when establishing in vivo and in vitro models, we focused on the mechanism of inflammation in the damage phase and the effect of APAP on the pathological development of the inflammatory reaction. The inflammatory reaction of mouse liver induced by APAP developed from 6 to 24 h after administration, and entered the stage of repair and regeneration after 24 h (Jaeschke et al., 2012). According to the experimental results in vivo, it was found in the pre-experiment that fasting factors caused mice to be more sensitive to APAP liver damage, and the level of inflammation in fasting mice was higher and more significant. When mice were treated with APAP 12 h, the release of inflammatory cytokines IL-1β in serum and liver, and the mRNA expression of inflammation-related protein Caspase-1, P2X7R and chemokines CXCL1 and CXCL2 were significantly increased. 12 h may be the peak of hepatic inflammatory response induced by APAP, which can be used as a time point for the study of inflammatory mechanism. Therefore, fasting and phase are important factors to be considered in the study of APAP liver injury model, especially in the study of inflammation-related mechanisms (Figures 4–6). In addition, we found that the expression of autophagy-related proteins MAPLC3β increased significantly during this process. Since autophagy is a stress response when the liver is damaged and destabilized, it can degrade cell debris and recycle organelles through lysosomes. But autophagy is not just about removing metabolic waste, it has also been reported to be involved in the development of some diseases. This shows that autophagy may be involved in the peak phase of the inflammatory response induced under APAP fasting conditions (Figure 5).
The essence of inflammatory reaction is the reflection of the body’s confrontation with various inflammatory factors. More and more evidence shows that inflammation aggravates the pathological development of a variety of acute and chronic liver diseases. After APAP enters the damage phase, the DAMPs produced by cell death is the key node to induce inflammatory response. At present, as a typical danger signal, HMGB1 is a hot topic in the research of inflammatory mechanism. Therefore, we chose HMGB1 as the starting point to study the downstream mechanism of APAP-induced liver inflammation. In the in vitro experiment, the protein expression of HMGB1 began to increase after administration of APAP 1 h, and reached the peak at 3 h. After that, although the expression of Caspase-1 decreased somewhat, it still maintained a high level compared with the normal group, and this process was accompanied by the activation of Caspase-1 (Figures 1E–J). Then, the change trend of HMGB1 expression after APAP stimulation was verified again by LPS/ATP co-stimulation. The results showed that after LPS/ATP combined with APAP stimulation, the expression of HMGB1 increased significantly, still accompanied by the activation of Caspase-1 (Figure 2). In the in vivo experiment, the correlation between HMGB1 and Caspase-1 (Figure 6) was still observed in the 12 h damage phase when the inflammatory reaction was at its peak. Therefore, it is concluded that the response of liver inflammation induced by APAP may be mediated by HMGB1, which depends on the activation of Caspase-1, which is an important finding of this study. Because the index of HMGB1 appears in the early stage of inflammation in vivo, it can be used as an indicator for the diagnosis of APAP excess, but this still needs to consider the observability of the actual level in vivo and the interaction with other cells.
As an important inflammatory factor, IL-1β plays an important role in mediating inflammatory response in a variety of liver disease models. Some studies have found that the release level of IL-1β actually produced in mice with hepatotoxicity is very low, IL-1β receptor deficient mice do not have a protective effect on APAP, and inflammation cannot establish a relationship with the metabolic activation of APAP (Williams et al., 2010; Hoque et al., 2012). In particular, there was no increase in IL-1β in patients with excessive APAP in clinical trials, and there was no significant difference between patients who survived and died (Williams et al., 2014). This study also makes a preliminary study on the focus of the debate on IL-1β. According to the results of in vivo studies, the expression of IL-1β increased continuously during 6–24 h after APAP treatment (Figure 5D). However, in the in vitro experiment, an interesting phenomenon was found by ELISA results (Figure 1D). With the passage of time, the release of IL-1β changed from negative correlation to positive correlation, and remained flat at 6 h. However, 6 h is often the dividing point at which APAP develops from metabolic phase to damage phase. From this point, it is inferred that the change of IL-1β expression in inflammation induced by APAP, like APAP, may also have a temporal nature, which inspires us to explore the phase more deeply. However, the role of IL-1β in the inflammation of APAP hepatotoxicity is still in doubt, and it is necessary to carefully consider it as a therapeutic target for liver inflammation caused by APAP.
Innate immunity plays an important role in coping with aseptic inflammation caused by liver damage. In humans and mice, APAP-induced liver cell death releases a large amount of DAMPs, including HMGB1, nuclear DNA fragments and mitochondrial DNA, which makes macrophages produce pro-inflammatory mediators, leading to early neutrophils and monocytes cells are recruited to the liver, and there is now a general consensus (Jaeschke et al., 2012). In order to study the possible effect of the endogenous signal HMGB1 released by cell death of hepatocytes on neutrophils recruited to the liver after APAP stimulation, we explored the cross-talk between primary mouse liver cells and neutrophils under APAP stimulation. The results showed that both the supernatant of damaged liver cells after APAP stimulation and the direct administration of HMGB1 caused neutrophils to be further activated and produce higher levels of NE, indicating that in APAP-induced liver injury, neutrophils The cross-talk with primary hepatocytes may be mediated by HMGB1 (Figures 3C,D). At the same time, in the in vivo model of neutrophil depletion, by neutralizing neutrophils with Ly-6C/6G antibody, APAP-induced liver damage was reduced to a certain extent, and the expression of HMGB1 was reduced (Figure 7). The above shows that after APAP stimulation, the activation of neutrophils may be related to the HMGB1 released by hepatocyte death, and the activated neutrophils may aggravate liver damage.
In addition to phagocytosis and degranulation, the recruited neutrophils also trigger ROS (Reactive Oxygen Species) production, activate MPO and NE, and form NETs. HMGB1 released after cell death will also accelerate the formation of NETs by neutrophils and release a variety of pro-inflammatory mediators. In vitro experiments show that APAP can directly promote the release of NETs from neutrophils. APAP is rapidly activated to form a network structure within 8 h of stimulation, reaching its apex within 2 h, and the expression of neutrophil activation markers NE and MPO increases, and then gradually disappeared (Figures 3A,B). At the same time, in the in vivo model of DNase I degradation of NETs, we found that liver damage did not alleviate, but instead produced more HMGB1 protein. This shows that DNase I can only eliminate the DNA grid that produces NETs, but cannot affect the release of chemokines and inflammatory factors during the activation of neutrophils (Figure 7). Therefore, the formation of NETs is a kind of cell death with inflammatory consequences. Inhibiting the production of NETs can reduce liver inflammation caused by APAP. When APAP is at a safe dose, it enters the liver through blood circulation and enters the metabolic phase, less than 10% of APAP is metabolized by CYP2E1 (Cytochrome P4502E1) to produce toxic metabolites NAPQI, which is under the catalysis of glutathione sulfur transferase, combines with glutathione to generate non-toxic mercapturic acid, which is excreted from the body through the urinary system. However, after excessive APAP, CYP2E1 metabolism will produce a large amount of NAPQI, which will quickly deplete the glutathione pool, resulting in the synthesis of a large number of cell protein conjugates, especially mitochondrial protein conjugates, and then initiate the injury phase. In the injury phase of APAP liver poisoning, the hallmark pathological phenomenon is the oxidative stress in the organelles caused by mitochondrial protein conjugates. The downstream event of mitochondrial oxidative stress caused by APAP is an inflammatory response that occurs when the cell ruptures and releases DAMPs after cell death. Although NAC is the only effective drug for the treatment of liver damage caused by APAP so far, its therapeutic window is relatively narrow and only effective within 12 h after overdose. However, research on extracting natural products from plants has revealed a large number of promising molecules that can be used to develop antidote against APAP liver toxicity. Under the study of the mechanism of APAP-induced liver injury, we gave natural product CKV treatment and found that CKV can not only regulate the formation of neutrophil NETs, but also inhibit the release of cell death endogenous molecule HMGB1 and the activation of Caspase-1. Thereby reducing neutrophil recruitment and mitochondrial oxidative stress-induced liver inflammation, and play an active role in APAP-induced liver injury (Figures 8, 9).
In conclusion, in the early stage of APAP injury, neutrophils and NETs formation participated to transmit the inflammatory response between hepatocytes and neutrophils via Caspase-1-dependent HMGB1 release. CKV possesses a positive intervention to NETs formation and Caspase-1-HMGB1 mediated hepatocytes damage (Figure 10), suggesting CKV might be a promising candidate for drug-induced liver injury.
[image: Figure 10]FIGURE 10 | Summary of the underlying mechanism of CKV on alleviating APAP-induced hepatic injury.
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Background: Clinical trials have proven that indigo naturalis is a candidate drug for treating ulcerative colitis (UC), but its therapeutic mechanism is still unclear.
Purpose: This study aimed to evaluate the protective effect and mechanism of indigo naturalis to treat mice with dextran sulfate sodium (DSS)-induced UC.
Methods: DSS-induced UC mice were treated with indigo naturalis (200 mg/kg), indigo (4.76 mg/kg), and indirubin (0.78 mg/kg) for 1 week. The anti-UC mechanism of indigo naturalis was studied by pathological section, inflammatory factor, western blot, and 16S rRNA sequencing.
Results: According to body weight change, disease activity index, and colon length, indigo naturalis had the strongest anti DSS-induced UC effect, followed by indirubin and indigo. Pathological section showed that indigo naturalis, indigo, and indirubin could reduce the infiltration of inflammatory cells, increase the secretion of intestinal mucus, and repair the intestinal mucosa. Indigo naturalis, indigo, and indirubin could reduce IL-1β,IL-6, and TNF-α by inhibiting TLR4/MyD88/NF-κB signal transduction. Indigo naturalis and indigo could also reduce IgA and IgG both in serum and colon tissue. In addition, indigo naturalis, indigo, and indirubin could adjust the gut microbiota structure of DSS-induced UC mice, reducing the ratio of Firmicutes/Bacteroidetes and increasing the abundance of probiotics.
Conclusion: Indigo and indirubin are one of the main anti-UC components of indigo naturalis. INN could regulate intestinal flora, reduce inflammation, repair intestinal mucosa, and improve the physiological status of DSS-induced UC mice and its anti-UC mechanism may be involved in inhibiting TLR4/MyD88/NF-κB signal transduction.
Keywords: indigo naturalis, indigo, indirubin, ulcerative colitis, gut microbiota
INTRODUCTION
Ulcerative colitis (UC) is a chronic and nonspecific intestinal inflammatory disease with unknown etiology, characterized by recurrent abdominal pain, diarrhea, and bloody stool (Gajendran et al., 2019). The incidence rate of UC is 0.03–0.1% and is increasing every year (Harbord et al., 2017). At present, the treatment of UC mainly depends on 5-aminosalicylic acid, steroids, glucocorticoids, immunosuppressants, and biological agents (Kornbluth and Sachar, 2010; Ford et al., 2011; Rogler, 2013). However, the dependence, drug resistance, intolerance, loss of reaction, and opportunistic infection of these drugs are increasingly becoming new clinical problems (Renna et al., 2014). Simultaneously, their remission rate is not satisfactory in clinical trials. Therefore, complementary and alternative therapy has been an important issue for UC patients, clinicians, and researchers.
Herbal medicine is the prime choice of complementary and alternative therapy for UC. In recent years, Japan has been actively exploring single herbs for treating UC. They found that indigo naturalis, a traditional Chinese medicine extracted from natural blue plants, can effectively treat refractory cases of intestinal mucosal aplasia. Then follow-up high evidence-based clinical research was carried out and indigo naturalis was confirmed to be effective for all kinds of UC and demonstrated a good application prospect (Torisu et al., 2019; Matsuno and Hirano, 2020; Naganuma et al., 2020; Yoshimatsu et al., 2020). However, the mechanism of indigo naturalis is not clear, which may be related to the inhibition of nitric oxide release, the prevention of superoxide production, the repair of intestinal mucosa, and the regulation of intestinal flora (Saito et al., 2015; Liang and Yu, 2019; Ozawa et al., 2020; Yoshimatsu et al., 2020). Exploring the mechanism of indigo naturalis in the treatment of UC is helpful to apply correctly in clinic and reduce the side effects in the process of medication.
The pathogenesis of UC is related to the immune system. Toll-like receptors (TLRs) are one of the pattern recognition receptors in the innate immune system; its imbalance of regulation can aggravate mucosal injury in acute inflammation (Zhou et al., 2017). TLR4 is an important member of TLRs family. Intestinal innate immune response initiated by external stimulation can up-regulate the expression of TLR4 and activate NF-κB through MyD88 dependent signaling pathway, resulting in severe abnormalities of intestinal mucosal epithelium (Cheng et al., 2018; Gu et al., 2018). It is common to find that TLR4/MyD88/NF-κB signaling pathway is abnormally activated in the intestinal mucosa of UC patients (Ke et al., 2013). In a previous study, indigo and indirubin in idigo naturalis was shown to have higher affinity for TLR4, MyD88, and NF-κB receptors than other receptors through molecular docking, especially MyD88 (Supplementary Material 1). Therefore, this study explored the effects of indigo naturalis in UC by TLR4/MyD88/NF-κB signaling pathway. Additionally, the interaction of microorganisms in vivo determines the health of the body, especially in the colon where microorganisms are abundant (Franzosa et al., 2019). Studies have shown that the intestinal mucosal inflammatory response caused by various factors is accompanied by the change of intestinal microecology and the imbalance of flora (Kostic et al., 2014). In this article, we further discussed the effect of indigo naturalis on intestinal flora, in order to provide more scientific support for indigo naturalis in the treatment of UC.
MATERIALS AND METHODS
Materials and Reagents
Indigo naturalis (INN) was purchased from Sichaun Jiangyou Hengyuan Pharmaceutical Co., Ltd (Jiangyou, China). It was determined by HPLC that INN contains 2.38% indigo (IND) and 0.39% indirubin (INB). Standards of IND and INB (≥98%, purity) were purchased from Chroma-Biotechnology Co., Ltd (Chengdu, China). The enzyme-linked immunosorbent assay (ELISA) kits for TNF-α, IL-1β, IL-6, IgA, IgG, IgM, and myeloperoxidase (MPO) were purchased from MultiScience (Lianke) Biotech Co., Ltd. Dextran sulfate sodium (DSS, 36–50 KDa) was purchased from MP Biomedicals (Aurora, United States). Sulfasalazine (SSZ) was purchased from Shanxi Tongda pharmaceutical Co., Ltd (Shanxi, China). Rabbit anti-TLR4 antibody, anti-TLR2 antibody, anti-NF-κB p65 antibody, anti-NF-κB p-p65, anti- IKBα antibody, anti-p-IKBα antibody, anti-β-actin antibody, MyD88 antibody, anti-Histone H3 antibody, and other antibodies were purchased from Servicebio Biotechnology Co., Ltd (Wuhan, China).
Animals
Male BalB/c mice (20 ± 2 g) were purchased from Chengdu Dashuo Laboratory Animal Co., Ltd (Permit No. SCXK (chuan) 2015-30, Chengdu, China). The animals were kept under controlled conditions of temperature 20 ± 0.5˚C, humidity 55 ± 5%, and a 12 h light/dark cycle.
Therapeutic Potential of INN, IND, and INB on a DSS-Induced UC Mouse Model
The mice were randomly divided into six groups: Normal group, DSS group, INN group, IND group, INB group, and SSZ group (n = 6). After 1 week of adaptive feeding, the mice in DSS, INN, IND, INB, and SSZ groups were given 3% DSS drinking water (w/v) to establish UC model and mice in the normal group were given distilled water. After drinking DSS solution for 3 days, mice in INN, IND, INB, and SZZ groups were given intragastric administration of INN (200 mg/kg), IND (4.76 mg/kg), INB (0.78 mg/kg), and SSZ (200 mg/kg) respectively. All mice received DSS drinking water for 7 days and drug therapy for 7 days. The weight and feces of mice were monitored and recorded every day throughout the experiment. Further, the health status of mice was evaluated according to the disease activity index (DAI), which is normal stool (0), soft stools (1), soft stools and slight bleeding (2), loose stools and slight bleeding (3), and gross bleeding (4).
After 10 days of administration, mice in all groups were taken eyeballs to collect blood. Serum was isolated from blood for ELISA. Then, all mice were sacrificed and their colon and feces samples were collected. The colon length of each mouse was measured and divided into three parts for pathological analysis, ELISA, and western blot analysis. The preparation of hematoxylin and eosin (H&E) and periodic acid-Schiff (PAS) pathological sections was commissioned by Servicebio Biotechnology Co., Ltd (Wuhan, China). Pathological changes of colonic tissue were observed under microscope, and the degree of colitis was evaluated according to the standard of Table 1. The tissue damage index (TDI) was calculated as TDI = (score of inflammatory cell infiltration + score of inflammatory cell infiltration depth + score of ulcer depth)/3. The levels of IL-1, IL-6, TNF-α, IgA, IgG, IgM, and MPO in serum and colon were analyzed by ELISA according to the manufacturer’s instructions.
TABLE 1 | TDI score standard
[image: Table 1]Western Blot Analysis
The colon tissues were lysed for 30 min in RIPA buffer (Servicebio, Wuhan, China) with protease and phosphatase inhibitors on ice. The lysates were centrifuged at 12,000 rpm for 10 min at 4°C. The precipitate was removed and the supernatant was obtained as total protein. According to the instructions, the concentration of total protein was determined by BCA Protein Assay Kit (Servicebio, Wuhan, China). The protein from each sample was separated using 10% SDS-PAGE electrophoresis and transferred on nitrocellulose membrane (Millipore Corporation, United States) at 25 V overnight. The membrane was blocked in 5% non-fat milk in TBST (0.5%) for 1 h at room temperature and incubated with appropriate rabbit anti-TLR4 antibody, anti-TLR2 antibody, anti-NF-κB p65 antibody, anti-NF-κB p-p65, anti- IKBα antibody, anti-p-IKBα antibody, anti-β-actin antibody, and anti-Histone H3 antibody at a 1:1,000 dilution, and anti-MyD88 antibody at a 1:2,000 dilution overnight at 4°C. The membrane was washed with TBST three times, 5 min each time. Then, it was incubated with HRP-labeled secondary antibody, which was detected by chemiluminescence substrate.
The Effect of INN, IND, and INB on Gut Microbiota
The total genomic DNA in mice feces was extracted by DNeasy PowerSoil Kit (QIAGEN, Germany), and the genomic DNA was detected by 1% agarose gel electrophoresis. The V3-V4 variable region sequence of the bacterial 16S rRNA gene was used as the target, and 338F-806R with barcode sequence as a primer was used to amplify the PCR products. The PCR products were recovered and purified by AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, United States), and then washed by Tris-HCl and detected by 2% agarose gel electrophoresis. According to preliminary quantitative results of electrophoresis, QuantiFluor™-ST (Promega, United States) was used for quantitative analysis. The purified amplicons were mixed in equal amount, and the double terminal sequencing was carried out according to the standard process of Illumina PE250 sequencing platform.
The original data is submitted to NCBI sequence read Archive (SRA) database. The sequencing fragment was clustered into operational taxonomic units (OTU) by QIIME 2.0 software based on a 97% sequence similarity. OTU representative sequences were compared with Silva database to obtain the corresponding taxa (including phylum, genus, and species) and their abundance information. Then, QIIME, Mothur, R software, and Python LEfSe package were used for OTU data to analyze the alpha and beta diversity, species composition, and difference, which could provide a reference for further exploring the function of flora and analyzing the mechanism of action.
Statistical Analysis
All data were expressed as mean ± SD and analyzed by SPSS 21.0 statistical software. If the data were in accordance with normal distribution and the variance was homogeneous, one-way ANOVA was used; otherwise, rank sum test was used. p < 0.05 and p < 0.01 were considered statistically significant.
RESULTS
The Effect of INN, IND, and INB on DSS-Induced UC in Mice
After drinking 3% DSS solution for 3 days, mice showed obvious UC symptoms, namely diarrhea, bloody stool, and other symptoms. After drinking 3% DSS solution for 7 days, the health of mice was very bad without drug intervention. Therefore, drug intervention was started on the fourth day after drinking 3% DSS solution (Figure 1A). Changes in weight of mice reflected their health status. Compared with normal mice, weight was lost significantly in DSS-induced mice (Figure 1B). Mice treated with INN, INB, IND, and SSZ showed less weight loss compared with the DSS group. DAI evaluation showed that the DAI score in DSS-induced mice was obvious raised (Figure 1C). After treating with INN, IND, INB, and SSZ, the DAI score significantly decreased, indicating that these drugs could improve UC status, especially INN. Furthermore, the colon length was obviously shortened in DSS-induced mice (Figures 1D,E)). INN, IND, and INB can prevent the colon shortening.
[image: Figure 1]FIGURE 1 | Effects of INN, IND, INB, and SZZ treatment on the of DSS-induced UC mice after 7 days of continuous gavage. (A) The medication regimen; (B) body weight change in various groups; (C) disease activity index in various groups; (D) colon length in various groups; (E) photos of colon length in various groups. vs normal group, **p < 0.01; vs DSS group, ##p < 0.01. Data are expressed as mean ± SD (n = 6).
The Histopathological Changes in Colon Tissues
In the normal group, the colon section had a normal mucus secretion without necrosis and inflammation (Figure 2). The colon of mice in the DSS group had obvious ulcers, in which a mucosal layer, intestinal glands and epithelium were completely lost, accompanied by a large number of inflammatory cells infiltrating into the submucosa and muscular layer (Figure 2A). After treating with INN, IND, and INB, the inflammatory cell infiltration was reduced and the integrity of intestinal mucosal epithelial cells was improved, especially in INN and INB groups (Figure 2C). PAS staining showed that expressions of mucins in DSS group were lower, illustrating that intestinal mucosa was damaged and the secretion of intestinal mucus was insufficient (Figure 2B). After administration of INN, IND, INB, and SSZ, mucin expressions were raised. These results indicated that INN, IND, and INB could repair intestinal mucosa and increase intestinal mucus secretion.
[image: Figure 2]FIGURE 2 | Histological sections of colonic tissue stained with HE (A) and PAS (B) and TDI score (C) (magnification ⅹ 100).
The Changes of Inflammatory Cytokine Both in Serum and Tissue
Levels of cytokine (IL-1β, IL-6, and TNF-α) in serum and tissue were detected by ELISA kits. Levels of IL-1β, IL-6, and TNF-α in serum and tissue were increased significantly in the DSS group (Figures 3A–C). After administration of INN, IND, INB, and SSZ, levels of IL-1β, IL-6, and TNF-α in serum and tissue of mice were decreased in different degrees. The level of IL-1β in serum could be reduced significantly by IND and SSZ and the level of IL-1β in tissue could be reduced significantly by IND and INB. All drugs can significantly reduce the content of IL-6 both in serum and tissue. However, these drugs could not decrease the level of TNF-α.
[image: Figure 3]FIGURE 3 | the Changes of IL-1β (A), IL-6 (B), TNF-α (C), and MPO (D) both in Serum and tissue. Vs normal group, **p < 0.01; vs DSS group, ▲▲p < 0.01. Data are expressed as mean ± SD (n = 6).
The Change of Immunoglobulin Both in Serum and Tissue
Levels of IgA and IgG in serum and tissue were increased significantly in the DSS group (Figures 3D,F). After administration of INN, IND, or SSZ, the level of IgA in serum was decreased significantly and approached normal level. In colon tissue, the level of IgA in all administrative groups had no difference compared with the DSS group. INN also can reduce the IgG level both is serum and tissue compared with the DSS group. The effect of IND and INB is weaker than INN and they just decreased IgG level in serum or tissue. The IgM level of all groups had no difference in serum (Figure 3F). Interestingly, INN, IND, and INB could increase IgM level in tissue compared with normal and DSS groups.
The Changes of MPO Both in Serum and Tissue
MPO is a functional and activation marker of neutrophils and participates in many inflammatory processes. DSS could significantly increase the level of MPO both in serum and tissue (Figure 3G). INN and INB could reduce the level of MPO to normal in serum. These results suggested that INN, IND, and INB could reduce inflammation in DSS-induced UC mice.
Expression Levels of TLR4/MyD88/NF-κB Related Proteins in Colon Tissue
To verify whether the therapeutic effect of INN, IND, and INB on UC is related to TRL4/MyD88/NF-κB signaling pathway, expressions of TRL4, TLR2, MyD88, NF-κB p65, p-p65, IKBα, and p-IKBα proteins in colon tissue were detected. After treating with DSS, the expression of TLR4, TLR2, MyD88, p65, p-p65, IKBα, and p-IKBα proteins was significantly increased (Figure 4). INN, IND, INB, and SSZ could decrease expression of these proteins, especially INB. These results showed that INN, IND, and INB can improve UC symptoms through TRL4/MyD88/NF-κB signaling pathway.
[image: Figure 4]FIGURE 4 | The Expression of proteins in colon tissue. vs normal group, **p < 0.01; Vs DSS group, ##p < 0.01. Data are expressed as mean ± SD (n = 3).
The Effect of INN, IND, and INB on Gut Microbiota
Alpha diversity analysis can reflect abundance and diversity of the microbial community. The rarefaction curve tends to be flat, indicating that the amount of sequencing data is reasonable (Figure 5A). Shannon-Wiener is utilized to reflect the microbial diversity with different sequencing numbers. Its curve trends to flat, indicating the sequencing data is large enough, which can reflect the vast majority of microbial information in samples (Figure 5B). Venn diagram was used to reflect the composition information of species in each group (Figure 5C). These five groups have 231 OTUs overlapped; Normal and DSS groups have 300 OTUs overlapped. DSS and INN groups have 340 OTUs overlapped, DSS and IND groups have 341 OTUs overlapped, and DSS and INB groups have 340 OTUs overlapped. Beta diversity analysis can be used to analyze the diversity of species or function distribution among samples. Results of PCA and PCoA analysis showed that there were significant differences of gut microbiota among the five groups (Figures 5D,E)). NMDS analysis based on β diversity reflects the difference between samples through the distance between points. Samples of normal, DSS, INN, and IND groups did not overlap (Figure 5F), indicating that there were significant differences in intestinal microbial composition between every group. But there were overlaps between DSS and INB groups, suggesting that intestinal microbial composition in the INB group was similar to the DSS group.
[image: Figure 5]FIGURE 5 | INN, IND, and INB regulation on the disturbed gut microbiota in DSS-induced UC mice (A) rarefaction curves determined at the 97% similarity level; (B) shannon-Wiener curves of samples; (C) venn diagram of OTU in the five groups; (D) multiple sample PCA analysis; (E) multiple sample PCoA analysis; (F) Multiple sample NMDS analysis.
Species Difference Analysis of Gut Microbiota in INN, IND, and INB
Figure 6A showed that Bacteroidetes, Firmicutes, Proteobacteria, Actinobacteria, and Tenericutes were the predominant species in all groups at the phyla level. Compared with the normal group, Bacteroidetes increased significantly and Firmicutes decreased significantly in the DSS group. It has been reported that the increase of Proteobacteria means the disorder of intestinal flora (Shin et al., 2015). However, the level of Proteobacteria in DSS group did not increase, and increased in the INB group in comparison with normal group. The level of Proteobacteria decreased in INN and IND groups. Figure 6B showed the difference of intestinal flora in each group at the genus level. Lactobacillus are probiotics in the intestine, which can help in digestion and prevent harmful bacteria from adhering to the intestinal epithelium (Azad et al., 2018). The abundance of Lactobacillus increased in INN, IND, and INB groups, indicating that these drugs can increase probiotics to protect the intestine. INN and IND could decrease the abundance of Streptococcus, most of which are conditional pathogens. Desulfovibrio, harmful bacteria, could be returned to normal levels by INN and INB. These results indicated that INN, IND, and INB could regulation the structure of gut microbiota, but the regulation of INB was weakest among them.
[image: Figure 6]FIGURE 6 | Gut microbial community structures of mice from various groups and difference in dominant microorganisms between groups (A) Microbial community bar plot by phylum; (B) Microbial community bar plot by genus; (C) Distribution histogram based on Lefse; (D) Cladogram. (n = 6).
LEfSe (LDA effect size) was used to determine the bacterial genera with significant differences among groups. Figures 6C,D showed that the normal group has five special groups, DSS group has one special group, INN group three special groups, IND group has eight special groups, and INB group has seven special groups. An LDA value of more than 3.5 was regarded as the screening standard of dominant microorganisms. The dominant microorganisms in normal group were Roseburia, Alloprevotella, Prevotellaceae, and Lachnospiraceae_UCG_001. The DSS group had only one dominant microorganism, namely Anaerotruncus. The INN group had two dominant microorganisms: _Eubacterium__fissicatena_group and Butyricimonas. The IND group had three dominant microorganisms, namely Coprococcus_3, Ruminiclostridium_6, and _Ruminococcus__torques_group. The INB had the most dominant microorganisms, such as Rhodospirillaceae, Rhodospirillales, Alphaproteobacteria, Prevotellaceae_UCG_001, Proteobacteria, and Rhodospirillaceae_g_uncultured.
DISCUSSION
TLRs are key factors in the innate immune system. After TLRs are activated, they can transmit inflammatory reaction information through MyD88 dependent signal pathway, mediate the expression and release of inflammatory factors, and produce inflammatory injury (Cheng et al., 2018; Gu et al., 2018). NF-κB is an important inflammatory regulator, which can mediate the transcription and expression of TNF-α, IL-1 β, IL-6, and other inflammatory mediators and growth factors (Kim et al., 2017; Kim et al., 2019; Burgueno and Abreu, 2020). NF-κB-induced inflammatory factors could further sustain and activate NF-κB which aggravates the inflammatory injury. Western blotting results showed that DSS-induced UC could activate TLR4/MyD88/NF-κB signaling pathway and increase the expression of TLR4, MyD88, and NF-κB. But INN, IND, and INB could reduce the expression of TLR4, MyD88, and NF-κB and inhibit activation of TLR4/MyD88/NF-κB signaling pathway, reducing the level of TNF-α, IL-1 β, and IL-6 in serum and tissue.
IND and INB, the main components of INN, can relieve the diarrhea and bloody stool induced by DSS, which is consistent with the previous reports (Gao et al., 2016; Wang et al., 2017). According to the physiological condition of mice, the therapeutic effect of IND and INB is weaker than that of INN, which may be caused by the lower dosage of IND and INB, or other components of INN may also have anti UC effect. In addition, INB has a strong anti-inflammatory effect even at low doses and can effectively inhibit the signal transduction of TLR4, MyD88, and NF-κB p65, indicating that INB may be a promising candidate for UC therapy. In future experiments, the dosage and administration mode of INB could be explored in the treatment of UC.
Immunoglobulin is the classic representative of humoral immunity, which plays an important role in anti-inflammatory and immune regulation (Ma, 2019). IgA is the main immunoglobulin in the intestine, which plays an important role in maintaining the interaction between microorganisms and the intestine in mucosa surface (Pabst, 2012). IgM is the second most abundant homotype in mucosal secretions, which can compensate for IgA deficiency (Liu et al., 2019). IgG is a common antibody in the circulatory system, which is induced by the recognition of "non-self" antigens by systemic immunity, and generally does not produce in the local intestine (Yoshida et al., 2004). A study has shown that the level of immunoglobulin increases with the severity of the disease (Wang et al., 2016). Our experimental results are consistent with this conclusion. However, some studies have found that many patients with IBD have decreased immunoglobulin, which may be related to the progress of the disease and the patient’s own factors (Rai et al., 2015). Therefore, it is necessary to further study the relationship between immunoglobulin and UC.
Intestinal flora in the treatment of UC is a research hotspot at present, as well as a potential new treatment method in the future, which is of great significance to human health. More than 98% of intestinal microorganisms are mainly composed of Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria (Alam et al., 2020). Studies have shown that the intestinal microflora structure of UC patients will change, mainly manifested by the reduction of flora diversity and Firmicute abundance (Walker et al., 2011; Ricciuto et al., 2020). This is basically consistent with our experimental results. The changes of Proteobacteria and Bacteroidetes abundance are not clear, which may be related to the actual situation of UC patients (Nishida et al., 2018). In this manuscript, the dominant flora in DSS group is Anaerotruncus, which is a probiotic. This result may be caused by the body’s stress response. Effects of INN, IND, and INB on the structure of intestinal flora are different. The structure of intestinal flora in INN and IND groups was similar, and the dominant bacteria were Butyricimonas, Eubacterium, Coprococcus, Ruminococcus, and other probiotics. Interestingly, the predominant flora in the INB group was Proteobacteria, whose abundance increase meant flora disorder. These results suggest that INB in INN mainly plays an anti-inflammatory role, while IND is mainly used in regulating intestinal flora. Simultaneously, both IND and INB could promote intestinal mucosal repair.
CONCLUSION
IND and INB are one of the main anti-UC components of INN. INN could regulate intestinal flora, reduce inflammation, repair intestinal mucosa, and improve the physiological status of DSS-induced UC mice. In addition, inhibition of TLR4/MyD88/NF-κB signal transduction may be one of the most effective mechanisms of INN in the treatment of UC.
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Chronic obstructive pulmonary disease (COPD), a major cause of morbidity and mortality worldwide, is widely considered to be related to cigarette smoke (CS), and viral infections trigger acute exacerbation of COPD (AECOPD). Isoforskolin (ISOF) is a bioactive component from the plant Coleus forskohlii, native to Yunnan in China. It has been demonstrated that ISOF has anti-inflammatory effect on acute lung injury animal models. In the present study, we investigated the efficacy and mechanism of ISOF for the prevention and treatment of AECOPD. Mice were exposed to CS for 18 weeks and then infected with influenza virus A/Puerto Rico/8/34 (H1N1). ISOF (0.5, 2 mg/kg) was intragastrically administered once a day after 8 weeks of exposure to cigarette smoke when the body weight and lung function of model mice declined significantly. The viral load, pulmonary function, lung morphology, Th17 cells, and inflammatory cytokines in lung tissues were evaluated. The expression of nuclear factor κB (NF-κB) and NOD-like receptor pyrin domain–containing protein 3 (NLRP3) inflammasome pathways were detected. The results showed that ISOF treatment reduced the viral load in the lung homogenate, decreased the lung index of model mice, and lung pathological injuries were alleviated. ISOF also improved the pulmonary function with increased FEV0.1/FVC and decreased Rn and Rrs. The levels of inflammatory mediators (TNF-α, IL-1β, IL-6, IL-17A, MCP-1, MIG, IP-10, and CRP) in the lung homogenate were reduced after ISOF treatment. ISOF decreased the proportion of Th17 cells in the lung tissues by the flow cytometry test, and the protein expression levels of RORγt and p-STAT3 were also decreased. Furthermore, ISOF significantly inhibited the activation of NF-κB signaling and NLRP3 inflammasome in the lung tissues of model mice. In conclusion, ISOF alleviates AECOPD by improving pulmonary function and attenuating inflammation via the downregulation of proinflammatory cytokines, Th17/IL-17 A, and NF-κB/NLRP3 pathways.
Keywords: AECOPD, isoforskolin, pulmonary function, Th17 cell, NF-κB, NLRP3
INTRODUCTION
Chronic obstructive pulmonary disease (COPD) is a common preventable and treatable disease that is characterized by persistent respiratory symptoms and airflow obstruction, and it is currently the third largest cause of human mortality worldwide (Rabe and Watz, 2017; Collaborators, 2020; Whittaker Brown and Braman, 2020). Acute exacerbation of COPD (AECOPD), defined as “an acute worsening of respiratory symptoms that result in additional therapy,” is the main cause of high hospitalization rates and mortality in COPD patients (Collaborators, 2020; Li et al., 2020; Whittaker Brown and Braman, 2020). The major risk factor of COPD is cigarette smoke (CS), and viral or bacterial respiratory infections result in COPD exacerbations with increased airway inflammation and mucus secretion (Whittaker Brown and Braman, 2020; MacLeod et al., 2021).
According to the guidelines of Global Initiative for Chronic Obstructive Lung Disease (GOLD), long-acting β2-adrenoceptor agonists (LABAs), long-acting muscarinic antagonists (LAMAs), and inhaled corticosteroids (ICSs) were recommended to treat COPD patients with severe symptoms and/or high risk exacerbation history (Collaborators, 2020). Additionally, phosphodiesterase-4 inhibitor, antibiotics, or antiviral drugs could be beneficial for specific subsets of AECOPD patients (Li et al., 2020; Whittaker Brown and Braman, 2020; MacLeod et al., 2021). Despite the progress in symptom treatment and prevention of exacerbations, it is still challenging to develop novel treatments to ameliorate disease progression or affect mortality (Rabe and Watz, 2017; Whittaker Brown and Braman, 2020).
The pathogenesis of COPD includes oxidative stress, protease–antiprotease imbalance, inflammatory cells and mediators, cellular senescence, mitochondrial dysfunction, and metabolic dysregulation (Zhang et al., 2018; Hikichi et al., 2019). Inflammation cells including neutrophils, macrophages, dendritic cells, T cells, and B cells are all involved in COPD pathogenesis (Ni and Dong, 2018; Zhang et al., 2018). Cigarette smoke and other toxic substances can trigger the release of inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-8, and IL-17A) in the lung tissue, which would recruit inflammatory cells, increase inflammatory responses, and aggravate the pulmonary injury (Zhang et al., 2018; Wang et al., 2020). Th17 cells, a subtype of activated CD4+ T cells, could promote the systemic inflammation of COPD through the secretion of IL-17A (Miossec and Kolls, 2012; Ponce-Gallegos et al., 2017; Ni and Dong, 2018).
The nuclear factor-κB (NF-κB) also plays an important role in the systemic inflammation of COPD patients (Wang et al., 2020). Bacterial or viral infection activates the NF-κB signaling pathway, which could regulate the gene expression of cytokines and chemokines, further promoting the disease development (Schuliga, 2015; Wang et al., 2020). Recent studies suggest that inflammasome plays a role in the pathogenesis of COPD, especially in infection-related exacerbations of COPD (Kim et al., 2015; Faner et al., 2016; Wang et al., 2018). NOD-like receptor NLRP3 can recognize a variety of pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) to activate the NLRP3 inflammasome (Broz and Dixit, 2016; Evavold and Kagan, 2018; Zhao and Zhao, 2020). Generally, the activation of NLRP3 inflammasome requires the priming step and the activation step. In the priming step, activation of the NF-κB signaling pathway facilitates the expression of NLRP3, pro-caspase-1, pro-IL-1β, and pro-IL-18 (Broz and Dixit, 2016; Zhao and Zhao, 2020). In the activation step, NLRP3 interacts with apoptosis-associated speck-like protein (ASC) and recruits pro-caspase-1 to form the protein complex called the NLRP3 inflammasome, leading to the activation of caspase-1 and, subsequently, the secretion of IL-1β and IL-18 (Broz and Dixit, 2016; Zhao and Zhao, 2020). The activation of NLRP3 inflammasome can result in downstream inflammatory responses and the initiation of adaptive immunity (Pinkerton et al., 2017; Evavold and Kagan, 2018).
Isoforskolin (ISOF) is a natural product from the plant Coleus forskohlii native to Yunnan in China which can activate adenylyl cyclase (AC) and increase the intracellular cAMP (Yang et al., 2001; Yang et al., 2011). Given that cAMP plays a critical role in the regulation of immune and inflammatory function, elevating intracellular cAMP level is considered beneficial to the treatment of pulmonary diseases (Maurice et al., 2014; Zuo et al., 2019; Schmidt et al., 2020). Previously, we showed that ISOF attenuated lipopolysaccharide- (LPS-) induced acute lung injury in vivo (Yang et al., 2011) and downregulated proinflammatory cytokines in vitro through the TLR4/MyD88/NF-κB signaling pathway (Du et al., 2019). Moreover, ISOF has been reported to inhibit airway remodeling and inflammation in a rat asthma model induced by ovalbumin (Liang et al., 2017). We also found that ISOF could alleviate pathological changes in an elastase- or CS-induced COPD model (application patent: ZL201410083987.8). However, the effect of ISOF on AECOPD has not been reported and further investigation is needed.
Thus, in this study, we aimed to explore the efficacy and mechanisms of ISOF on AECOPD. We established an AECOPD mice model induced by long-term CS exposure and H1N1 infection. The effect of ISOF on pulmonary function, lung morphology, and proinflammatory cytokines in the lung tissues of AECOPD model mice were evaluated, and the potential molecular mechanisms involving Th17/IL-17A axis and NF-κB/NLRP3 signaling pathway were clarified.
MATERIALS AND METHODS
Reagents and Antibodies
ISOF (PubChem CID: 9549169, Figure 1A, purity >99.9%) was synthesized by Basilea Pharmaceutica (Jiangsu, China). Oseltamivir phosphate (OSE) was from Meilunbio (Dalian, China). Prednisone acetate (PDN) and vecuronium bromide were purchased from Zhejiang Xianju Pharmaceutical (Zhejiang, China). Cigarettes (Hongqi Canal® Filter tip cigarette, smoke of each cigarette containing 11 mg tar, 0.7 mg nicotine, and 13 mg carbon monoxide) were obtained from Henan Tobacco Industry (Zhengzhou, China). The Bio-Plex Pro-Mouse Cytokine panel was from Bio-Rad (California, United States). Mouse CXCL9/MIG ELISA kit, mouse CXCL10/IP-10 ELISA kit, and mouse C-Reactive Protein/CRP ELISA kit were from MultiSciences (Hangzhou, China). MACS Lung Dissociation Kit (Cat. #130-095-927) was from Miltenyi Biotec (California, United States). Leukocyte activation cocktail (Cat. #550583), Cytofix/Cytoperm solution kit (Cat. #554714), lysis buffer (Cat. #555899), fixable viability stain 620 (Cat. #564996), FITC anti-mouse CD4 (Cat. #553046), and PE anti-mouse IL-17A (Cat. #561020) were purchased from BD Biosciences (New Jersey, United States). Anti-mouse CD16/32 (Cat. #101320) and PE/Cy7 anti-mouse CD3 antibody (Cat. #100220) were purchased from BioLegend (California, United States). PerCP-eFluor 710 anti-mouse CD8 (Cat. #46-0081-80) was purchased from eBioscience (California, United States). Mouse STAT3 antibody (Cat. #sc-8019), mouse phospho-STAT3 antibody (Cat. #sc-8059), and mouse RORγt antibody (Cat. #sc-293150) were from Santa Cruz Biotechnology (California, United States). Mouse IκBα antibody (Cat. #4814), rabbit phospho-IκBα antibody (Cat. #2859), rabbit NF-κB p65 antibody (Cat. #8242), rabbit phospho-NF-κB p65 antibody (Cat. #3033), rabbit NLRP3 antibody (Cat. #15101), rabbit ASC antibody (Cat. #67824), rabbit IL-1β antibody (Cat. #12426), rabbit Caspase-1 antibody (Cat. #24232), and rabbit GAPDH antibody (Cat. #2118) were from Cell Signaling Technology (Massachusetts, United States).
[image: Figure 1]FIGURE 1 | Experimental design. (A) Structure of isofoskolin. (B) Experimental flow chart. Mice were exposed to cigarette smoke once a day for 18 weeks and then intranasally challenged with H1N1 virus, and measurements were performed on the 4th day after infection. Mice were orally administrated with ISOF (0.5 or 2.0 mg/kg) or PDN (5 mg/kg) once daily after 8 weeks of exposure to cigarette smoke. OSE (60 mg/kg) was administered intragastrically before H1N1 infection.
Acute Exacerbation of COPD Model Mice and Treatment
All animal care and experimental protocols were approved by the Animal Experimental Ethical Committee of Kunming Medical University, and all animals received humane care in compliance with the National Institutes of Health guidelines. C57BL/6 J male mice (20 ± 2 g) were purchased from Charles River Laboratories (Beijing, China). After acclimatization for a week, mice were randomly divided into the following groups: control, model, OSE (60 mg/kg), PDN (5 mg/kg), ISOF 0.5 mg/kg, and ISOF 2.0 mg/kg groups (n = 12 per group).
The experimental flow chart is shown in Figure 1B. Animals were exposed to room air or cigarette smoke once a day for 18 weeks (1 cigarette each mouse) in an oral and nasal exposure system (Beijing Huironghe Technology, China). The relevant parameters of exposure were as follows: dilution flow of 10 L/min, air extraction flow of 13 L/min, oxygen concentration of 20 ± 0.5%, and air humidity of 60 ± 5%. The cigarette suction parameters included the following: suction time of 2 s, time interval of 2 s, suction frequency of 10 s, and suction flow of 35 ml. Mice were orally treated with PDN (5 mg/kg) or ISOF (0.5 or 2.0 mg/kg) once daily after 8 weeks of exposure to cigarette smoke. OSE (60 mg/kg) was administered intragastrically before H1N1 (influenza virus A/Puerto Rico/8/34, ATCC, United States) infection. Mice in the control group and model group were orally treated with 0.9% saline solution (80%) and PEG400 (20%). The median lethal dose (LD50) of H1N1 was determined in another study (Wu et al., 2021). After 18 weeks of exposure to cigarette smoke, mice were anesthetized with 2.5% isoflurane and intranasally challenged with 50 μl of H1N1 (2 × LD50) or PBS. 4 days after infection, mice underwent euthanasia after lung function measurement. The left lung tissues were used for histopathology or flow cytometry analysis, and the right lung tissues were homogenized or stored at −80°C. The viral titer in the lung homogenate was determined by a 50% tissue culture infective dose (TCID50) assay as previously described (Zhou et al., 2020).
Pulmonary Function Examination
Pulmonary function in conscious mice was assessed every two weeks by whole body plethysmography (EMKA Technologies, Canada). The respiratory parameters obtained using this technique include expiratory time (Te), peak expiratory flow (PEF), expiratory flow at 50% tidal volume (EF50), and maximum minute ventilation (MV).
Invasive lung function was measured with a FlexiVent system (SCIREQ, Montreal, Canada). A plastic cannula was inserted into mouse tracheas and connected to the FlexiVent system. Vecuronium bromide (6 mg/kg) was injected intraperitoneally to maintain muscle relaxation. Then, mechanical ventilation was initiated to measure forced expiratory volume in 0.1 s (FEV0.1), forced vital capacity (FVC), FEV0.1/FVC, Newtonian resistance (Rn), respiratory resistance (Rrs), and tissue damping (G). Each maneuver was performed at least three times, and the data obtained were analyzed using the FlexiVent software (SCIREQ, Montreal, Canada).
Lung Histopathology and Immunohistochemistry
Mouse lung tissues were embedded in 4% paraformaldehyde, sectioned at 3–5 μm thicknesses, and stained with hematoxylin and eosin (H&E). The histopathological lesions and changes were observed under a light microscope (Olympus, Tokyo, Japan). The severity of pulmonary inflammation was assessed by a semiquantitative analysis as described previously (Triantaphyllopoulos et al., 2011). For immunohistochemistry staining, lung tissue paraffin sections were stained by antibodies against NLRP3 according to the manufacturer’s instructions. Density of yellow and brown reflects the level of target protein. Negative control slides with omission of primary antibody were included and did not show any immunoreaction. Representative images of IHC staining were obtained using an optical microscope (Olympus, Tokyo, Japan).
Detection of Proinflammatory Cytokines
Lung tissues from each mouse were homogenized in PBS by SCIENTZ-48 (SCIENTZ, China) and then centrifuged at 12,000 rpm for 10 min to obtain supernatants. The cytokines TNF-α, IL-1β, IL-6, IL-17A, and CCL2/MCP-1 were measured by the Bio-Plex Pro Mouse Cytokine panel using the Bio-Plex 200 Multiplex Immunoassay system (Bio-Rad, California, United States) according to the manufacturer’s protocol. The concentration of CXCL9/MIG, CXCL10/IP-10, or C-reactive protein (CRP) was measured by a specific enzyme-linked immunosorbent assay (ELISA) kit. The procedure of ELISA was performed according to the manufacturer’s instructions.
Flow Cytometry Analysis
Lung tissues of mice were dissociated by the MACS Lung Dissociation kit according to the instructions. In brief, the lung tissues of mice were transferred into the gentleMACS C tube and the enzyme mix was added. Then, the C tube was attached to the gentleMACS dissociator (Miltenyi Biotec, California, United States) and the program was started to run. The mixtures were filtered through a 70 μm cell strainer to obtain the cell suspension, and red blood cells were lysed with lysis buffer. Cells were resuspended with 1 ml RPMI-1640 cell culture media in 24-well plates, and 2 μl/ml of leukocyte-activation cocktail was added. Then, they were mixed briefly and incubated for 5 h in 5% CO2 at 37°C.
Cell preparations were stained with fixable viability stain 620 in PBS. After centrifugation, cell suspension in FACS buffer was preincubated with anti-mouse CD16/32 (1 µg) at 4°C for 5 min and then stained with PE/Cy7 anti-mouse CD3, FITC anti-mouse CD4, and PerCP-eFluor 710 anti-mouse CD8 antibodies at 4°C for 30 min. After surface staining, cells were resuspended in a fixation and permeabilization solution according to the manufacturer’s instructions and then stained with PE anti-mouse IL-17A. The cells were washed, resuspended, and detected using a flow cytometer (PARTEC CyFlow Space, Germany).
Western Blot Analysis
Lung tissues from each mouse were homogenized in lysis buffer (RIPA: Cocktail: PMSF: Phosstop = 0.657: 0.143: 0.1: 0.1) to extract total protein. The protein concentration was determined with a BCA protein assay kit (Beyotime, China). Total protein (30 μg) was separated by 10% sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride (PVDF) membranes and then incubated with blocking buffer (Beyotime, China) at room temperature for 2 h. The antibody of STAT3, p-STAT3, RORγt, IκBα, p-IκBα, p65, p-p65, NLRP3, ASC, IL-1β, caspase-1, or GAPDH was incubated at 4°C with the membrane overnight. After washing three times, the membrane was incubated with horseradish peroxidase–conjugated anti-rabbit IgG or anti-mouse IgG for 2 h at room temperature. Then, the membrane was washed three times and detected with a DAB horseradish peroxidase color development kit (Beyotime, China). The density of the protein bands in the membrane was quantified by Scion Image 4.0.2 (Informer Technologies, United States).
Statistical Analysis
Data were expressed as means ± SEM. Statistical analysis was performed by using SigmaStat 3.5 software (Systat Software, United States). Multiple group comparisons were performed using one-way analysis of variance (ANOVA), followed by Fisher’s least significant difference (LSD) test to determine significant differences between different groups. Kruskal–Wallis ANOVA on ranks was used if there was no homogeneity of data variance. A p value of less than 0.05 was considered statistically significant.
RESULTS
Isoforskolin Improved Pulmonary Function in Acute Exacerbation of COPD Model Mice
To establish an AECOPD mice model, mice were exposure to CS once daily for 18 weeks and then were intranasally challenged with H1N1 virus, considering that influenza virus infection is one of the major causes of AECOPD (MacLeod et al., 2021). During the first 8 weeks, the lung function in conscious mice was detected biweekly (Figures 2A–D). Compared with the control group, the Te increased while PEF, EF50, and MV decreased in model mice from 6 to 8 weeks, indicating that the pulmonary function declined in model mice after 8 weeks of CS exposure. In addition, a significant decline in body weight was observed in model mice (Figure 2E).
[image: Figure 2]FIGURE 2 | Pulmonary function and body weight changes in mice exposed to cigarette smoke from 0∼8 weeks. (A) Expiratory time (Te), (B) peak expiratory flow (PEF), (C) expiratory flow at 50% tidal volume (EF50), (D) maximum minute ventilation (MV), and (E) body weight in control and model mice. Data are expressed as means ± SEM (n = 12 of control mice, n = 60 of model mice). ##p < 0.01 and ###p < 0.001 vs. control group.
Then, mice were orally treated with ISOF or PDN from week 9. OSE was administered intragastrically before H1N1 infection. Pulmonary function in conscious mice from 9∼17 weeks showed that ISOF and PDN could partly improve lung function in CS-exposed mice (Supplementary Figure 1). Invasive lung function was measured 4 days after infection (Figures 3A–D). The results showed that CS exposure and H1N1 infection decreased the lung function ventilation parameter FEV0.1/FVC% and increased the resistance parameters Rn, Rrs, and G in model mice. Compared with the model group, ISOF (0.5 or 2.0 mg/kg) treatment significantly increased FEV0.1/FVC%, as well as decreased Rn, Rrs, and G. A similar effect was observed for PDN, while OSE had little effect on FEV0.1/FVC%. Thus, both ISOF and PDN could improve the pulmonary ventilation function in AECOPD model mice.
[image: Figure 3]FIGURE 3 | ISOF improved the pulmonary function in AECOPD model mice. (A) Forced expiratory volume in 0.1 s/forced vital capacity (FEV0.1/FVC), (B) Newtonian resistance (Rn), (C) respiratory resistance (Rrs) and (D) tissue damping (G) in each group. Data are expressed as means ± SEM (n = 12 in each group). #p < 0.05 and ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. model group.
Isoforskolin Ameliorated Pathological Injury and Reduced Lung Index in Acute Exacerbation of COPD Model Mice
The effect of ISOF on histopathological changes in the lung tissues of AECOPD model mice was evaluated. As shown in Figure 4A, lung sections from CS-exposed and H1N1-infected mice in the model group displayed leukocyte infiltration, alveolar wall thickening, and pulmonary consolidation. Irregular alveolar enlargement, features of pulmonary emphysema, can also be observed in model mice. ISOF (0.5 or 2.0 mg/kg) treatment, as well as PDN and OSE, could improve the alveolar architecture and inhibit the inflammatory infiltration in the bronchial wall and alveolar, with reduced inflammatory score in lung parenchyma (Supplementary Figure 2). The results indicated that treatment with ISOF, PDN, or OSE could relieve the pathological changes in model mice. Meanwhile, the lung index (lung/body weight) of mice in the model group increased apparently (Figure 4B), indicating severe inflammation and pathological injury of the lung tissue. Higher dose of ISOF (2.0 mg/kg), PDN, or OSE treatment reduced the lung index of AECOPD model mice. In addition, a viral load in the lung homogenate was detected (Figure 4C). As expected, OSE significantly reduced the viral titers in the lung homogenate and improved weight loss in AECOPD model mice. ISOF (2.0 mg/kg) treatment could also reduce the viral load in the lung homogenate compared with the model group and partially ameliorate the weight loss in model mice on day 4 after infection (Supplementary Figure 3).
[image: Figure 4]FIGURE 4 | ISOF ameliorated pathological damage of lung tissue in AECOPD model mice. (A) Pathological changes in paraffin sections of lung tissue were measured by hematoxylin and eosin (H&E) staining (original magnification: 100×). Scale bar = 100 μm. (B) Lung/body weight ratio in each group (n = 12). (C) Pulmonary viral load in each group (n = 6). Data are representative images or expressed as means ± SEM. ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. model group.
Isoforskolin Reduced Pulmonary Inflammation in Acute Exacerbation of COPD Model Mice
In order to assess the effect of ISOF on pulmonary inflammation in AECOPD model mice, proinflammatory cytokines TNF-α, IL-1β, IL-6, IL-17A, MCP-1, MIG, IP-10, and CRP in the lung homogenate were detected. As shown in Figures 5A–H, the levels of these inflammatory cytokines were increased dramatically in CS-exposed and H1N1-infected mice. Both PDN and OSE could potently inhibit the expression of inflammatory cytokines in lung tissues. Also, ISOF treatment effectively decreased the levels of inflammatory cytokines in model mice, with better effect at high dose. The results indicated that ISOF could attenuate the inflammatory reaction of lung tissues in AECOPD model mice.
[image: Figure 5]FIGURE 5 | ISOF decreased proinflammatory cytokines in the lung homogenate of AECOPD model mice. The levels of TNF-α (A), IL-1β (B), IL-6 (C), IL-17A (D), MCP-1 (E), MIG (F), IP-10 (G), and CRP (H) in each group were measured by the Bio-Plex Pro Mouse Cytokine assay or ELISA. Data are expressed as means ± SEM (n = 6 in each group). #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. model group.
Isoforskolin Reduced Th17 Cells and Related Protein Levels in Acute Exacerbation of COPD Model Mice
Th17 cells and related cytokines play an important role in pulmonary inflammation (Holloway and Donnelly, 2013; Phillips et al., 2015). To further evaluate the effect of ISOF on Th17 cells in the AECOPD model, flow cytometry was used to detect the Th17 cells in lung tissues. Representative flow cytometric dot-plots are shown in Figure 6A. Compared with the control group, the proportion of Th17 cells (CD4+IL-17A+ T cells) was significantly increased in the model group (Figure 6B). ISOF (2.0 mg/kg) or OSE treatment decreased the percentage of Th17 cells. The development of Th17 cells is dependent on the signal transducer and activator of transcription 3 (STAT3) and retinoid-related orphan receptor RORγt, which is a Th17-specific transcription factor (Dong, 2008). Thus, the protein expression of RORγt, p-STAT3, and STAT3 in lung tissues was examined (Figures 6C–F). Compared with the control group, the protein levels of RORγt and p-STAT3 were increased significantly in lung tissues of AECOPD model mice. Both ISOF (2.0 mg/kg) and OSE were able to downregulate the expression of RORγt and the phosphorylation level of STAT3. Collectively, these results indicated that ISOF might regulate the Th17/IL-17A axis in the lung tissues of AECOPD model mice.
[image: Figure 6]FIGURE 6 | ISOF reduced Th17 cells and the protein levels of RORγt and p-STAT3 in the lung tissues of AECOPD model mice. (A) Representative flow cytometric dot-plots of Th17 cells in the lung tissues of each group (Th17: CD4+IL-17A+ cells). (B) The proportion of Th17 cells was analyzed. (C) The protein levels of RORγt in the lung tissues of each group were assessed by western blot. (D) The relative density of RORγt to GAPDH in each group. (E) The protein levels of STAT3 and p-STAT3 in the lung tissues of each group were assessed by western blot. (F) The relative density of STAT3 or p-STAT3 to GAPDH in each group. Data are expressed as means ± SEM (n = 4 in each group). ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. model group.
Isoforskolin Downregulated NF-κB Signaling in Acute Exacerbation of COPD Model Mice
NF-κB signaling pathway is a critical participant in the pathogenesis of COPD by regulating the expression of inflammatory mediators (Schuliga, 2015). Normally, NF-κB p50 and p65 dimers are bound to IκB and stay inactive in the cytoplasm (Gerlo et al., 2011). The phosphorylation and ubiquitination of IκB will lead to the release and translocation of NF-κB dimers (Gerlo et al., 2011). Therefore, the protein expression of p-IκB, IκB, p-p65, and p65 in lung tissues was detected (Figures 7A–D). The results showed that levels of p-IκB and p-p65 were increased markedly in the model group, while ISOF, PDN, or OSE treatment significantly reduced the phosphorylation level of IκB and NF-κB p65. The results suggested that ISOF could inhibit the NF-κB signaling pathway in the lung tissues of AECOPD model mice.
[image: Figure 7]FIGURE 7 | ISOF downregulated NF-κB signaling pathway activity in the lung tissues of AECOPD model mice. (A) The protein levels of IκB and p-IκB in the lung tissues of each group were assessed by western blot. (B) The relative density of IκB or p-IκB to GAPDH in each group. (C) The protein levels of NF-κB and p-NF-κB in the lung tissues of each group were assessed by western blot. (D) The relative density of NF-κB or p-NF-κB to GAPDH in each group. Data are expressed as means ± SEM (n = 4 in each group). ##p < 0.01 and ###p < 0.001 vs. control group; *p < 0.05 and **p < 0.01 vs. model group.
Isoforskolin Attenuated NLRP3 Inflammasome Activation in Acute Exacerbation of COPD Model Mice
Inflammasome activation is involved in COPD pathogenesis, since the increased inflammasome activation and IL-1β level in COPD patients has been reported (Kim et al., 2015). To explore the effect of ISOF on NLRP3 inflammasome activation in AECOPD model mice, we further detected the protein expression of NLRP3, ASC, caspase-1, and IL-1β in the lung tissues. Immunohistochemistry analysis showed obvious NLRP3 expression in the lung tissues of the model group, with much lower expression in the control group and other treatment groups (Figure 8A). Western blot analysis showed that the protein expression levels of NLRP3, ASC, caspase-1, and IL-1β were increased significantly in the model group and treatment with ISOF, PDN, or OSE downregulated the expression of these proteins (Figures 8B–D). Therefore, ISOF could attenuate NLRP3 inflammasome activation in the lung tissues of AECOPD model mice.
[image: Figure 8]FIGURE 8 | ISOF attenuated NLRP3 inflammasome activation in the lung tissues of AECOPD model mice. (A) Immunohistochemistry analysis of NLRP3 expression in the lung tissues of each group (original magnification: 200×). Scale bar = 50 μm. (B) The protein levels of NLRP3, ASC, IL-1β, and caspase-1 in the lung tissues of each group were assessed by western blot. (C) The relative density of NLRP3 or ASC to GAPDH in each group. (D) The relative density of IL-1β or caspase-1 to GAPDH in each group. Data are expressed as means ± SEM (n = 4 in each group). #p < 0.05, ##p < 0.01, and ###p < 0.001 vs. control group; *p < 0.05, **p < 0.01, and ***p < 0.001 vs. model group.
DISCUSSION
Acute exacerbation, associated with increased airway inflammation and mucus production, is the main reason of poor outcomes and mortality in COPD (Whittaker Brown and Braman, 2020; MacLeod et al., 2021; Waeijen-Smit et al., 2021). Currently, the therapeutic drugs of COPD mainly focus on reliving symptoms, and finding new therapies to prevent the disease progression is still challenging (Jarnicki et al., 2016; Wang et al., 2020). Emerging evidence suggests that increasing intracellular cAMP level is a promising strategy to reduce inflammation and immunomodulation in COPD (Raker et al., 2016; Schmidt et al., 2020; Wang et al., 2020). Thus, in this study, we hypothesized that ISOF, an AC agonist, could attenuate AECOPD through anti-inflammation and immune regulation.
Establishing an animal model to mimic the features of COPD could improve the research on pathophysiology and treatment of this disease (Ghorani et al., 2017). A previous study has established a mice model with exacerbation of pulmonary inflammation induced by CS exposure and H1N1 infection, in which mice were exposed to CS only for 10 days (Bucher H et al., 2016). Since long-term CS exposure would better mimic the development and progression of COPD (Phillips et al., 2015; Ghorani et al., 2017), we established an AECOPD mice model by CS exposure for 18 weeks and subsequently H1N1 virus infection. This AECOPD mice model is characterized by significantly decreased lung function, severe pathological injury, and increased lung index and proinflammatory cytokines, indicating that it is a valuable AECOPD mice model suitable for further investigation.
Previous studies have shown that ISOF could attenuate inflammatory responses in different cells or animal models (Yang et al., 2011; Liang et al., 2017; Zhao et al., 2017; Du et al., 2019). In our study, we demonstrated for the first time that ISOF inhibited inflammatory injury and downregulated proinflammatory cytokine levels in the lung tissues of AECOPD model mice. More importantly, ISOF could improve the pulmonary function in AECOPD model mice with increased ventilation parameters and decreased resistance parameters. It has been reported that ISOF can relax the isolated guinea pig trachea induced by histamine or acetylcholine (Wang et al., 2013). Thus, the anti-inflammation and tracheal relaxation effects of ISOF might contribute to the improved lung function in AECOPD model mice. As an AC agonist, ISOF showed potent therapeutic efficacy on AECOPD model mice, indicating that activating AC might be a promising strategy for the prevention and treatment of AECOPD.
PDN and OSE were used as positive drugs in the study, considering that systemic corticosteroids are efficacious for AECOPD treatment in clinic and OSE is effective in influenza virus–infected COPD patients (Li et al., 2020; Whittaker Brown and Braman, 2020). As a powerful anti-inflammatory drug, PDN significantly ameliorated the key features in AECOPD model mice. OSE could reduce the viral load, suppress proinflammatory cytokine production, and decrease resistance parameters of lung function in AECOPD model mice. Since the airway inflammatory responses would lead to worsening of airflow limitation during COPD exacerbations (Wedzicha and Seemungal, 2007), the improved lung function parameters of PDN and OSE might be attributed to the reduced inflammatory responses in AECOPD model mice.
Accumulating evidence has demonstrated that NF-κB plays a pivotal role in the inflammatory responses and NLRP3 inflammasome activation in multiple inflammatory diseases (Schuliga, 2015; Liu et al., 2017). Bacterial or viral infection activates NF-κB through toll-like receptors, resulting in the production of proinflammatory cytokines including TNF-α, IL-1β, and IL-6 (Liu et al., 2017). NF-κB also serves as the priming signal to facilitate the transcriptional expression of NLRP3 and pro-IL-1β (Liu et al., 2017; Zhao and Zhao, 2020). The activation of NLRP3 inflammasome participates in the pathogenesis of AECOPD by the secretion of IL-1β and IL-18, activating immune cells to trigger airway inflammation (Faner et al., 2016; Hikichi et al., 2019). Previously, we have reported that ISOF and forskolin attenuated LPS-induced inflammation in human mononuclear leukocytes through TLR4/MyD88/NF-κB cascades (Du et al., 2019). Also, it has been reported that forskolin could attenuate the activation of NLRP3 inflammasome in human macrophages (Chen et al., 2019). In the AECOPD model mice, we found that ISOF significantly downregulated the phosphorylation level of IκB and NF-κB p65, as well as the protein levels of NLRP3, ASC, caspase-1, and IL-1β, leading to the reduced proinflammatory cytokines in the lung tissues. Thus, ISOF alleviated inflammatory responses in AECOPD model mice partially through the inhibition of NF-κB/NLRP3 pathway, which might be related to the AC activation by ISOF, given that increasing the intracellular level of cAMP could inhibit NF-κB function in the presence of proinflammatory stimuli (Gerlo et al., 2011). In addition, PDN and OSE also showed potent inhibition of NF-κB/NLRP3 pathway, contributing to their therapeutic efficiency in AECOPD model mice.
Th17 cell and related cytokines are involved in COPD pathogenesis and exacerbations (Le Rouzic et al., 2017). The activation of NF-κB/NLRP3 pathway would promote the adaptive immune responses, in which Th17 cells play an important role (Liu et al., 2017; Evavold and Kagan, 2018). Proinflammatory cytokine IL-6 together with low concentrations of transforming growth factor β (TGF-β) can induce the differentiation of Th17 cells (Torchinsky and Blander, 2010), and IL-1β and IL-23 are also required for the stable differentiation of Th17 cells (Torchinsky and Blander, 2010; Evavold and Kagan, 2018). Cytokines IL-6 and IL-23 can activate STAT3, which induces the expression of RORγt, leading to the secretion of IL-17A (Dong, 2008; Torchinsky and Blander, 2010). IL-17A can promote the activation of bronchial fibroblasts and epithelial cells to produce proinflammatory cytokines and recruit neutrophils and macrophages to sites of inflammation, aggravating the COPD progress (Halwani et al., 2013; Ponce-Gallegos et al., 2017). Our results showed that ISOF decreased the protein expression of p-STAT3 and RORγt, as well as Th17 cells and IL-17A level in the lung tissues of AECOPD model mice, indicating that ISOF could modulate the Th17/IL-17A axis to reduce inflammatory responses in AECOPD model mice.
In summary, we have established an AECOPD mice model by CS exposure and H1N1 virus infection, which had decreased lung function and increased pathological injury and inflammation (Figure 9). ISOF treatment significantly alleviated AECOPD by improving lung ventilation function, downregulating proinflammatory cytokine level and attenuating pathological injury. The underlying mechanism is shown in Figure 9. CS exposure and H1N1 virus infection can activate NF-κB signaling pathway and NLRP3 inflammasome and promote proinflammatory cytokine (IL-6, IL-1β) release and Th17 cell differentiation. ISOF treatment inhibited the phosphorylation of IκB and NF-κB p65 and downregulated the protein levels of NLRP3, ASC, caspase-1, and IL-1β. Also subsequently, ISOF decreased the phosphorylation of STAT3 and the expression of RORγt to inhibit Th17 differentiation and IL-17A secretion.
[image: Figure 9]FIGURE 9 | A schematic diagram of the potential mechanisms by which ISOF treatment alleviates AECOPD in vivo. AECOPD model mice induced by cigarette smoke exposure and H1N1 virus infection have decreased lung function and increased pathological injury and inflammation, as well as activated NF-κB signaling and NLRP3 inflammasome and increased Th17 cells and IL-17A level in lung tissues. ISOF treatment attenuates the phosphorylation of NF-κB and the activation of NLRP3 inflammasome and decreases Th17 cells and IL-17A level in lung tissues, which could contribute to the decreased inflammatory response and improved lung function in AECOPD model mice. Thus, ISOF is a promising candidate for the prevention and treatment of AECOPD.
CONCLUSION
In conclusion, our results suggest that ISOF can effectively improve pulmonary function and alleviate pathological injury and inflammation in AECOPD model mice induced by CS exposure and H1N1 virus infection. Mechanistically, ISOF significantly decreased Th17 cells and IL-17A level and downregulated the NF-κB/NLRP3 signaling pathways in the lung tissues of AECOPD model mice. Our findings support ISOF as a promising candidate for the prevention and treatment of AECOPD.
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Dry eye disease is a common and frequently occurring ophthalmology with complex and diverse causes, and its incidence is on the upward trend. The pathogenesis of DED is still completely clear. However, the immune response based on inflammation has been recognized as the core basis of this disease. In this review, we will systematically review the previous research on the treatment of DED in immune inflammation, analyze the latest views and research hotspots, and provide reference for the prevention and treatment of DED.
Keywords: Dry eye disease, immunity, inflammation, pharmaceuticals, treatment
INTRODUCTION
Dry eye disease (DED) is newly defined as eye surface disease caused by a variety of factors, tear film instability, increased osmotic pressure, ocular surface inflammation and damage, and neurosensory abnormalities play a pathogenic role, characterized by the loss of tear film balance accompanied by eye symptoms. These include dryness, foreign body sensation, burning sensation, itching sensation, photophobia, red eyes, blurred vision, fluctuating vision, and visual fatigue. In severe cases, corneal epithelial exfoliation, filamentous adhesion, and conjunctival lesions may occur (Stapleton et al., 2017). The global prevalence of dry eye disease is 5–50%, while the incidence in China is 45%, which is a high incidence area (Guo et al., 2010; Farrand et al., 2017; Stapleton et al., 2017). With the popularity of electronic products, makeup, contact lenses, environmental pollution and other influences, the number of patients with dry eye disease will continue to rise at a rate of more than 10% per year, and tend to be younger. The pathogenesis of dry eye has not yet been fully elucidated, but the eye surface immune inflammatory response as the focus of the mechanism has been increasingly concerned. In the classification of etiology, Dry Eye Workshop II regards the imbalance of tear film homeostasis as the main feature of dry eye and the core of pathophysiology, whether it is water-based tear deficiency type or over-evaporation type (Nelson et al., 2017). This process is caused by the increase of Th17 and chemokines in the ocular surface of DED patients, which breaks the normal ocular surface immune balance and leads to the immune homeostasis in the tear membrane (Kodati et al., 2014). In the clinical treatment of DED, anti-inflammatory drugs represented by cyclosporine A and immunomodulatory drugs represented by lifitegrast can play a good ameliorative effect (Wan et al., 2015; Perez et al., 2016). Therefore, it is of strategic significance to further study the immune inflammatory mechanism of DED.
IMMUNE RESPONSE AND DED
The ocular surface immune response is a rigorous and complex regulatory process designed to protect and defend the ocular surface, but if the regulation is maladjusted, it will lead to DED (Pflugfelder and Paiva, 2017). Immune response can be divided into innate immunity and adaptive immunity. The inherent response is the innate immunity of the human body, known as the first natural defense line, which mainly includes macrophages, monocytes, dendritic cells, neutrophils and natural killer cells, etc. Adaptive immunity is acquired immunity, which generally forms a highly targeted immune process after the invasion of certain pathogenic microorganisms. The two immune modes are jointly involved in the immune regulation of dry eye disease (Schaumburg et al., 2011).
Innate Immune Response of Ocular Surface
In the innate immunity, the human body has formed a natural physical barrier composed of sugar calyx, conjunctival epithelium, mucin, cornea, and a series of antimicrobial defense proteins in tears in the long time of survival and evolution. This barrier is a necessary part to ensure the relative safety of the eyes exposed to the external environment. After the occurrence of dry eye, the high osmotic state of patients can prevent the defense system from taking effect, and further aggravate the immune inflammatory response by directly activating the MAPK pathway to activate interleukin and tumor necrosis factor (Milner et al., 2017). At the same time, in the process of immune inflammation, Toll-like receptor signal transduction will lead to the activation of immune cells, further aggravating the inflammatory response (Lee et al., 2012).
Inflammatory immune response IIR is the most important type of innate immune response, among which macrophage and dendritic cells (DC) are common inflammatory immune cells, among which macrophages are divided into M1 and M2 cells. The former is related to cellular response, while the latter plays a regulatory role. DC are divided into myeloid cells (DC1) and lymphoid cells (DC2). In dry eye disease, DC2 cells are mainly involved in immune regulation, and the two types of cells combine with the expression of various factors, such as interleukin and tumor necrosis factor, leading to the continuous increase of inflammatory receptor levels leading to dry eye disease (Jaafar et al., 2009).
Adaptive Immune Response of Ocular Surface
The abundant presence of CD4+ T cells in the adaptive immune response and cyclosporine in the treatment of DED suggest that adaptive immunity also plays an important role in DED. During the adaptive immune phase, the production of antigen-specific T cells in regional lymph nodes induces migration to the ocular surface in response to ocular stress. In this stage, the proliferation and amplification of T cells in the ocular surface cause injury, restart the acute proinflammatory innate response, and with the loss of immune regulation, trigger a vicious cycle of pathological immune response (Baudouin, 2001). DC is the most powerful known APC that can activate initial T cells, and play a dual role in the initiation and regulation of immune response, connecting innate immunity and adaptive immunity (Hackstein et al., 2016; Pan et al., 2016). In diabetes-associated dry eyes, advanced glycosylation end products can directly promote the maturation of DC and induce specific immune response of CD4+T cells, and the increased number and abnormal function of DC can induce adaptive immune response. (Charles et al., 2009; Surenda et al., 2011). Inflammatory factors in patients with DED can be amplified by DC, for example by upregulating the expression of TLR7 and activating the secretion of IFN-γ(Hui et al., 2010). IFN-γ induces the transformation of B cells into DC cells to produce antigen-specific antibodies, which are further activated by CD40 signaling molecules to produce large quantities of IL-6. IL-6 can promote the differentiation of Th17 cells by enhancing and inducing transcriptional activators, and secrete pro-inflammatory cytokine IL-17 to enhance immune response (Jego et al., 2003). The IL-4 secreted by mature PDC stimulates the differentiation of CD4+ T cells into Th2 cells, which can secrete a large number of inhibitory cytokines including IL-4, IL-10, and IL-13 upon activation. IL-4 increases B cell infiltration in lacrimal glands, thereby promoting the production of autoantibodies against acinar epithelial cells and contributing to the pathogenesis of DED (Abehsira-Amar et al., 1992).
IMMUNE-BASED INFLAMMATION MECHANISMS IN DED
Inflammation is the most common and important risk factor for DED, and studies have shown that patients with DED can detect large amounts of lymphocyte infiltration in the ocular surface and lacrimal gland tissue, at the same time, the secretion of lactoferrin decreased, the cell inflammatory factors, leading to further expansion of the scope of inflammation. Ophthalmic surface inflammation is both an initial cause and a subsequent consequence of DED (Baudouin, 2001). When the body is exposed to external stimuli or homeostasis disorders, the initiation and elimination of ocular surface inflammation are usually controlled by immunomodulatory processes. The continued inflammatory response amplifies the immune response, especially the adaptive response. This process will increase the activity of mAPC, as well as the production and recruitment of CD4+ Th cells in the ocular surface. When immune regulation is insufficient to eliminate inflammation or is bypassed, the activity of effector T cells will be immediately disregulated, mainly manifested by increased release of pro-inflammatory cytokines, which will lead to further inflammation and injury. The new inflammation and damage then restarts the innate immune response, creating a vicious cycle (Stern et al., 2010; Stern et al., 2013; Periman et al., 2020). At the molecular level, studies on the relationship between dry eye and inflammation mainly focus on cytokines, chemokines and signal transduction pathways.
Throughout the inflammatory response, immune cells release pro-inflammatory cytokines and chemokines, recruiting more immune cells and ultimately leading to a vicious cycle of inflammation. Current studies on inflammatory mediators associated with DED include IL-1α, IL-1β, IL-1R, IL-2, IL-4, IL-6, IL-8, IL-10, IL-12, IL-13, IL-17, IL-23, CCL-2, CCL-3, CCL-5, CCL-19, CCL-20, CCL-21, CCR2, CCR6, CCR7, CX3CL1, CXCL9, CXCL10, CXCL12, CXCR3, CXCR4, EGF, ICAM-1, IFN-γ, MMP-1, MMP-3, MMP-9, MMP-13, TNF-α, TGF-β2, VCAM-1, and NF-κB (Matsuda et al., 1998; Matsuda and Koyasu, 2000; Marsland et al., 2005; Chauhan et al., 2009; Du et al., 2009; Lam et al., 2009; Gollmer et al., 2009; Enríquez-de-Salamanca et al., 2010; Chen et al., 2011; Schaumburg, et al., 2011; Zhang et al., 2011; Zhang et al., 2012; Coursey et al., 2013; Dohlman et al., 2013; Li et al., 2013; Marko et al., 2013; Barbosa et al., 2014; Duque and Descoteaux, 2014; Ji et al., 2014; Kodati et al., 2014; Mesraoua et al., 2014; Zhang et al., 2014; Ames and Galor, 2015; Corrales et al., 2015; Contreras-Ruiz and Masli. 2015; Pierre et al., 2018; Seung et al., 2019).
IL-32 and IL-33 are new family of IL-1 cytokines involved in a variety of inflammatory diseases. A new study has found that IL-32 and IL-32-induced TSLP is a key cytokine involved in the inflammatory response through the corneal epithelial caspase-1 and NF-κB signaling pathways, providing a new molecular target for ocular surface inflammatory diseases (Jing et al., 2018). Another study found elevated IL-33 mRNA and protein levels in HCONEC cells under hypertonic conditions (Wang and Zhang, 2019). IL-33 and its receptor ST2 protein levels were higher in CIC of DE patients and correlated with the severity of the disease. In addition, the activated type 2 helper T (Th2) cells in the tears of DE patients released increased concentrations of IL-13 and IL-5, and the IL-33/ST2 pathway may play a role in the initiation of ophthalmic surface inflammation regulation. IL-33 mRNA and protein levels were increased in the corneal tissues of mice and human corneal epithelial cells (HCECs) infected with Aspergillus fumigatus. IL-33 also promoted the proliferation of HCECs cells through its receptor ST2. In addition, IL-33/ST2/p38 signaling pathway plays an important role in enhancing the inflammatory response of HCECs to Aspergillus fumigatus infection (You et al., 2019).
Immunoregulatory Molecules and Inflammation
Corneal epithelial cells (CECs) are the main target tissues for the immunomodulatory response of DED. More and more studies have been conducted on the expression of immunomodulatory molecules in corneal epithelial cells.
Pigment epithelium-derived factor (PEDF) is a 50 kDa secreted glycoprotein with well-established anti-inflammatory functions, and then proved to be highly expressed in CECs(Ogata et al., 2002; Becerra, 2006; Zhang et al., 2006). Singh et al. found that CEPCs of mice exposed to dry stress had an amplified immunosuppressive effect on DC maturation, which was eliminated by blocking endogenous PEDF and enhanced by supplementing exogenous recombinant PEDF (Singh et al., 2020). Their subsequent experiments showed that in vitro culture in the presence of PEDF prevented the reduction in frequency and phenotypic inhibition of regulatory T cells induced by proinflammatory cytokines (associated with helper T cells type 17) in normal mice. Their results revealed that PEDF can promote the inhibitory ability of regulatory T cells and reduce its type 17 helper T cell-mediated dysfunction, thus playing a role in DED inhibition (Singh et al., 2021). Recently, Ma et al. found that PEDF could inhibit the expression of inflammatory cytokines IL-1β, IL-6, TNF-α, and IL-17A in DED and the percentage of Th17 cells in vivo and in vitro experiments. It was also found that PEDF inhibited the phosphorylation of MAPK p38 and JNK in hypertonic CECs(Ma et al., 2021). All the above studies have shown that PEDF plays anti-inflammatory and immunoregulatory roles in the pathogenesis of DED.
As a myxoid glycoprotein, proteoglycan 4(PRG4) is expressed in the ocular surface, which contributes to the ocular surface integrity and has a good anti-inflammatory effect (Domoto et al., 2002). Menon et al. found that HTCEPI cells synthesized and secreted PRG4, and the secretion of PRG4 was inhibited by TNFα and IL-1β in vitro, and exogenous rhPRG4 could significantly reduce the trend of MIP-1α and MIP-1β(Menon et al., 2021). Their experiments also found that rhPRG4 can bind to MMP-9 in human tears and inhibit the in vitro activity of exogenous MMP-9. In vivo experiments with a mouse DED model showed a significant decrease in PRG4 immunolocalization in corneal epithelium and a significant decrease in the amount of PRG4 in lacrimal gland lysate. These findings may help us to further understand the mechanism of PRG4’s immune inflammatory role in the ocular surface.
Thrombocyte reactive protein-1 (TSP-1) is a stromal cell glycoprotein first identified in activated platelets (Lawler, 1978). It can be secreted and expressed in a variety of epithelial cells (Wight et al., 1985). The secretion of TSP-1 is a protective response to inflammation, which can promote the digestion of inflammatory process and accelerate the phagocytosis of damaged cells (Doyen et al., 2003; Grimbert et al., 2006). Tan et al. found that TSP-1 mRNA expression was up-regulated in corneal epithelial cells in DED group. Compared with wild-type mice, the corneal epithelial cells of DED mice were more able to inhibit the expression of MHC-II and CD86 in DC. Moreover, topical application of recombinant TSP-1 significantly inhibited the expression of maturation of DC and proinflammatory cytokine mRNA in the mouse DED model, and improved symptoms. (Tan et al., 2018).
Programmed death ligand 1 (PD-L1) is a member of the receptor B7 family and plays a role in regulating T-cell-mediated immunity (Latchman et al., 2004). Yang et al. found that PD-L1 was highly expressed in the eye cells of DED patients, and it may control inflammation by inhibiting the production of pro-inflammatory cytokines and Th2 cytokines by activated T cells (Yang et al., 2009). EI Annan et al. found downregulation of corneal epithelial PD-L1 promotes homing of T cells to the ocular surface by increasing chemokine ligand and receptor expression, thereby amplifying DED associated keratitis and epithelial lesions. (El Annan et al., 2010).
Autophagy and Inflammation
Autophagy is a highly conserved self-degradation process, which has been found in a variety of physiological and pathological processes in the body (Boya et al., 2016; Klionsky et al., 2021). The mechanisms involved in autophagy have been demonstrated in a variety of inflammatory diseases (Lahm and Petrache, 2012; Leung et al., 2017; Lippai and Szatmári, 2017; Rubin et al., 2017; Vij et al., 2018). Autophagy regulates inflammation by affecting the survival, development and homeostasis of inflammatory cells (Saitoh et al., 2008; Zhong et al., 2016; Qian et al., 2017), and affects the transcription, processing and secretion of inflammatory mediators (Crişan et al., 2011). Autophagy is also regulated by inflammatory factors, including IFN-γ, TNF-α, IL-1, IL-2, IL-6, and TGF-β2, which can induce autophagy, while IL-4, IL-10, and IL-13 can inhibit autophagy. The role of autophagy in DED is a research hotspot.
Recent studies of DED have shown that autophagy activation can protect the ocular surface from inflammation. Liu Zhao et al. founded that autophagy activation is a late response of HcECs to hyperosmotic stress after inflammation is triggered, which protects HcECs and promotes survival by reducing inflammatory mediators in an vitro model of dry eye. These protective effects were further enhanced when rapamycin enhanced autophagy activation in hypertonic HCECs(Liu et al., 2020a). In addition, they suggest that trehalose, as an autophagy enhancer, induces autophagy anti-inflammation by inhibiting Akt activation of transcription factor EB in primary HCECs exposed to high osmotic stress (Liu et al., 2020b). The mechanism of trehalose inhibition of inflammation is independent of NFκB pathway, and it may reduce stress-induced inflammation by inhibiting p38MAPK and activating autophagy (Panigrahi et al., 2019). Therefore, the activation of autophagy is expected to be a new strategy for the treatment of DED.
Pyroptosis and Inflammation
Pyroptosis is a mechanism of cell death associated with the inflammatory response. Different from cell necrosis, apoptosis and autophagy, pyrodeath can be divided into classical and non-classical pyrodeath pathways. The classical pathway is induced by caspase-1, while the non-classical pathway relies on caspase-4 or caspase-5. Pyrotic cells release many inflammatory cytokines, such as IL-1β and IL-18, which trigger the aggregation of immune cells. Pyrolysis is characterized by intact nuclei, DNA strand destruction, and positive TUNEL staining (Guo et al., 2019; Liu and Sun, 2019; Yu et al., 2020) (18–21).
As a member of the immunoglobulin family, triggering receptor expressed on myeloid cells 2 (TREM2) is an immune receptor expressed on the surface of myeloid cells such as microglia, macrophages, osteoclasts and dendritic cells (Colonna, 2003; Daws et al., 2015). TREM2 may exert anti-inflammatory effects by enhancing the phagocytosis of myeloid cells (N'Diaye et al., 2009). Qu W. et al. found that compared with wild-type mice, TREM2-deficient mice were more likely to develop keratitis. This is due to the absence of TREM2 leading to increased caspase-1 and subsequent activation of cell pyroptosis and IL-1β release. In addition, caspase-1 inhibitors were found to reverse keratopathy in TREM2-deficient mice while inhibiting pyroptosis (Qu et al., 2018).
Pryrin-containing nod-like receptor protein 3(NLRP3) inflammasome is one of the inflammasomes that have been studied extensively. The production of a large number of reactive oxygen species (ROS) can activate NLRP3, and the activation of NLRP3 can activate Caspase-1, which will cause cell Pyroptosis (Mariathasan et al, 2006; Dinarello, 2009) Massive reactive oxygen species (ROS) release is the main characteristic of DED. ROS activate NLRP3 inflammasomes and lead to caspase-1 self-activation and maturation of pro-inflammatory cytokine IL-1β in a dry-eye mouse model (Zheng et al., 2014). Niu L et al. found that the mRNA and protein levels of NLRP3 were increased in patients with and without Sjogren’s syndrome, and also positively correlated with the severity of dry eye (Niu et al., 2015). The ROS-NLRP3-IL-1β signaling pathway may play an important role in the initiation of environmental induced DE models (Zheng et al., 2015). These findings suggest that NLRP3 inflammasomes may be involved in the development of ocular surface inflammation in DED.
Apoptosis and Inflammation
Apoptosis is an active, programmed cell death controlled by genes in order to maintain internal environment stability without causing inflammatory response. In dry eyes, the apoptosis of lacrimal acinus, conjunctival epithelium, corneal epithelium, and corneal endothelial cells is abnormally increased, resulting in damage and destruction of eye tissues, while the apoptosis of lymphocytes in local tissues is inhibited, prolonging the survival time of lymphocytes and promoting the inflammatory activation state (Wilson et al., 2002; Yeh et al., 2003; Moore et al., 2011). Cysteine aspartic acid specific protease, p53 protein, and B-cell lymphoma-2 gene (Bcl-2) family proteins are involved in the signal transduction of DED cell apoptosis. Inflammation and apoptosis act together in the pathogenesis of dry eye. In the corneal and conjunctival epithelial cells of diabetic patients, the expression levels of pro-apoptotic factors such as Fas, Fasl and Bax were significantly higher than those of normal subjects, while the expression levels of anti-apoptotic factors such as Bcl-2 were relatively lower. The inflammatory environment of ocular surface can activate pro-apoptotic factors, activate apoptotic signals and activate apoptotic pathways. Moreover, the synergistic effect can further aggravate the apoptosis of corneal epithelial cells, conjunctival epithelial cells and glandular cells, leading to ocular surface abnormalities, and assist in accelerating the occurrence of dry eye disease (Hao et al., 2015). For example, in the occurrence of DED, caspase-8 and interferon-γ (IFN-γ) jointly induce and aggravate the apoptosis of conjunctival cells through the dual apoptotic pathway (X Zhang et al., 2011; X. Zhang, et al., 2014).
LIST THE FACTORS OF DED PATHOGENESIS AND IMMUNE INFLAMMATION
Sex Hormone and Immune Inflammation
Epidemiological survey results show that the prevalence of dry eye disease increases significantly with age, especially in women (Cohen, 2004). Reduced androgen levels may be responsible for the higher prevalence in women than in men.
Androgen plays an important role in the pathogenesis of xerophthalmia and its mechanism is also involved in immune inflammation. Androgens have immunosuppressive effects and can maintain the balance of pro-inflammatory factors and anti-inflammatory factors in ocular surface tissues and glands, while the imbalance of androgens will increase the pro-inflammatory factors and cause eye discomfort (Babić et al., 2010; Knop and Knop, 2010; Li and Pflugfelder, 2005). The decrease of androgen level will lead to the atrophy of lacrimal epithelial cells, the disappearance of acinus mucus, the decrease of conjunctival goblet cells, the decrease of mucin expression, the shorten of tear film rupture time, and the decrease of tear quality and quantity (Sullivan et al., 2006). Androgen promotes cholesterol synthesis by regulating the gene expression of the meibomian gland, and the lack of androgen can cause damage to the lipid layer of tear film (Cohen, 2004). Androgen can down-regulate the mRNA expression of small proline rich protein, prevent excessive keratinization of the meibomian gland, and maintain the synthesis and secretion of lipid components in tears from eyelid gland (Sullivan et al., 2009).
Different opinions exist about the role of estrogen in DED and its mechanism. First of all, Zylberberg C et al. found that estrogen acted on lacrimal glands to increase the secretion of MMP-2 and 9. Suzuki T found that 17-β-estradiol up-regulated the expression of proinflammatory cytokines (IL-1,6,8) and metalloproteinases (MMP-2,7,9) in corneal epithelial cells (Suzuki and Sullivan, 2005). Studies have found that the activation of estrogen receptor B is associated with the down-regulation of the expression of enzymes required for the synthesis of serum lipoxins (LXA4) in corneal epithelial cells (Wang et al., 2011). LXA4 is a negative regulatory signal of some endogenous pro-inflammatory and pro-proliferation transmitters, which can strongly inhibit the inflammatory response in vivo and inhibit the chemotaxis and adhesion of neutrophils. It can be seen from the above studies that estrogen may promote ocular surface inflammation, and the increase of its level may aggravate ocular surface inflammation, which also explains that estrogen replacement therapy in postmenopausal women can not relieve dry eye symptoms, but may aggravate them. However, in another study, 17-β-estradiol was found to significantly inhibit IL-1, IL-6, and TNF-α in hypertonic corneal epithelial cells (S. B. Wang, et al., 2011). Ozcura et al. also found that 17-β-estradiol could inhibit the apoptosis of ocular surface epithelial cells (Ozcura et al., 2012). These also provide some evidence for the treatment of DED with estrogen. Therefore, the role of estrogen in DED needs to be further studied.
Meibomian Gland and Immune Inflammation
The main function of the meibomian gland is to fight inflammation and infection. Dysfunction of meibomian gland is one of the main causes of DED. When the conjunctival epithelial cells are exposed to bacterial toxins, they can induce significant upregulation of defense genes, expression of cytokines and chemokines, TLR signaling pathway, inflammation and immune response. However, when the epithelial cells of the meibomian gland are exposed to bacterial toxins, they do not cause the expression of pro-inflammatory genes and TLR signal transduction. Thus it is speculated that the meibomian gland may have inherent anti-inflammatory and anti-infection factors (Liu et al., 2011). Omiya et al. found that Leucocyte-associated immunoglobulin-like receptor-1 expression is the highest in the meibomian gland, as a kind of inhibitory receptor, could inhibit the activation of immune cells and reduce the production of pro-inflammatory cytokines (Omiya et al., 2009). Furthermore, Leucocyte-associated immunoglobulin-like receptor-1 for differentiation of human meibomian gland epithelial cells was significantly up-regulated (Sullivan et al., 2014). Therefore, we speculate that the meibomian gland may have inherent immune anti-inflammatory and anti-infection mechanisms.
Recent studies have found that a large number of immune inflammatory cells, such as dendritic cells, were detected in corneal epithelial cells and palpebral conjunctival epithelial cells in MGD patients compared with healthy patients (Qazi et al., 2018; Zhou and Robertson, 2018). In addition, there are sex hormone receptors in the palpebral gland and palpebral cells contain enzymes necessary for endocrine synthesis and metabolism of sex hormones and steroids (Knop et al., 2011). Hampel U found that androgens can stimulate eyelid lipid secretion and inhibit inflammation, while estrogen can cause inflammation (Hampel and Garreis, 2017). As a chronic inflammatory disease, MGD induces the infiltration of a large number of immune inflammatory cells, which are important mechanisms leading to the occurrence of dry eye disease.
CONCLUSION
As the core focus of the pathogenesis of dry eye disease, immune inflammatory response has always been the focus of scholars and the research direction is relatively extensive. The most recent studies focus on the immunoregulatory molecules expressed by ocular surface cells, especially on PDEF and PRG4 (Figure 1), which have achieved exciting results. The results of these studies can not only provide new targets for the prevention and treatment of DED, but also point out a new direction for our research.
[image: Figure 1]FIGURE 1 | A brief view of the immune-inflammatory mechanisms in DED pathogenesis and the protective effects of immunomodulatory molecules (PEDF, PRG4). External stimulation and internal imbalance lead to the inflammatory initiation of dry eye disease and a vicious cycle of immune regulation dysfunction. Expression of PEDF and PRG4 were up-regulated in damaged corneal endothelial cells. PEDF plays a protective role in DED by inhibiting IL-1β, IL-6, TNF-α, IL-17A and the percentage of Th17 cells. PRG4 plays an immunomodulatory role in DED by down-regulating IL-1β, TNF-α, MIP-1α/β, and inhibiting the activity of MMP-9.
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Depression is an inflammation-associated disease that results in major depression as inflammation increases and progresses. Ginsenoside Rg1 (Rg1), the major bioactive ingredient derived from ginseng, possesses remarkable anti-depressant and anti-inflammatory effects. Our previous studies showed that the pathogenesis of depression was concomitant with the acceleration of connexin43 (Cx43) ubiquitin degradation, while Rg1 could upregulate Cx43 expression to attenuate depression. However, whether the ubiquitination of Cx43 is the specific correlation between depression and inflammation, and how Rg1 ameliorates neuroinflammation to attenuate depression, are still under investigation. In in vivo experiments, Rg1 treatment significantly ameliorated depression-like behaviors in rats subjected to chronic unpredictable stress (CUS). Moreover, these CUS rats treated with Rg1 exhibited attenuated neuroinflammation, together with the suppression of Cx43 ubiquitination. In in vitro experiments, Rg1 reduced the secretion of inflammatory cytokines and the ubiquitination of Cx43 in lipopolysaccharide-induced glial cells. Furthermore, treatment with ubiquitin-proteasome inhibitor MG132 suppressing the ubiquitination of Cx43 ameliorated lipopolysaccharide-induced neuroinflammation. The results suggest that Rg1 attenuates depression-like behavioral performances in CUS-exposed rats; and the main mechanism of the antidepressant-like effects of Rg1 appears to involve protection against neuroinflammation via suppression of Cx43 ubiquitination. In conclusion, Rg1 could ameliorate neuroinflammation via suppression of Cx43 ubiquitination to attenuate depression, which represents the perspective of an innovative therapy of Rg1 in the treatment of inflammation-associated depression.
Keywords: depression, inflammation, ginsenoside Rg1, connexin 43, ubiquitination
INTRODUCTION
Depression and inflammation are complicatedly intertwined, reinforcing and interdependent on each other. Accumulating evidence supported that inflammation is connected with the pathogenesis of neuropsychiatric diseases such as depression (Kiecolt-Glaser et al., 2015; Beurel et al., 2020). The bidirectional connection between depression and inflammation, in which depression primes larger inflammatory responses and inflammation promotes the onset of depression in turn, induces adverse health consequences to individuals and imposes massive economic burdens on both families and society (Malhi and Mann, 2018; Cruz-Pereira et al., 2020; Wang et al., 2021). The brain is a highly distinguished, heterogeneous, and intricate organ, which is responsible for maintaining the homeostasis in the central nervous system (CNS), and protecting the body from damage to the immune and nervous systems. It requires various control mechanisms, including intercellular communication through connexin (Cx)-based gap junction channels (De Sousa et al., 1993; Yuan et al., 2019). Glial cells, especially microglia and astrocytes, which ubiquitously exist in the brain (Freeman, 2010), facilitate the communication between adjacent cells through Cx-based gap junction channels and are responsible for the regulation of neuroinflammation (Freeman et al., 2017; Roy et al., 2017). Despite 21 Cx isoforms have been revealed in the human genome, Cx43 is the most prominent gap junction protein in the CNS, maintaining CNS network homeostasis, and participating in the CNS pathologies such as depression and inflammation progression (Danesh-Meyer et al., 2016; Lagos-Cabré et al., 2020). Emerging evidence has suggested that dysfunction of Cx43 is predisposed to depression (Sun et al., 2012; Xia et al., 2018), and the inflammatory reaction relies, at least in part, on intercellular communication mediated by Cx43 proteins and their channels (Willebrords et al., 2016; Medina-Ceja et al., 2019; Li et al., 2020a). Thus far, Cx43 has recently become a molecule of increasing interest for the pathogenesis and management of depression and inflammation.
The root of Panax ginseng C.A. Meyer (ginseng) is frequently used as a traditional herbal medicine, attributed to its numerous biological potencies against oxidation, inflammation, tumor, and depression, etc., (Lee et al., 2015; Jin et al., 2019). Ginsenoside Rg1 (Rg1), one of the most abundant and active constituents extracted from ginseng, possesses potent neuroprotective properties on anti-depression and anti-inflammation (Jiang et al., 2020). It has been extensively investigated for its anti-depressant and anti-inflammatory potentials over the past two decades (Wang et al., 2019). Our previous results indicated that the acceleration of Cx43 ubiquitin degradation was involved in the onset of depression (Xia et al., 2018), while Rg1 could upregulate Cx43 expression to attenuate depression (Xia et al., 2017). However, whether the ubiquitination of Cx43 is the correlation between depression and inflammation, and the molecular mechanism of Rg1 on anti-depression and anti-inflammation remain largely undetermined. According to the previous reports, Rg1 could rescue stress-induced depression-like behaviors via inhibition of inflammation (Li et al., 2020b). Multiple studies demonstrated that inhibiting the degradation of Cx43 promoted glial cells translating from a pro-inflammatory to an anti-inflammatory status (Huang et al., 2019; Wang et al., 2020). Besides, Cx43 degradation during stress requires its ubiquitination (Xia et al., 2018). Accordingly, we hypothesized that Rg1 could ameliorate inflammation via suppression of Cx43 ubiquitination to attenuate depression. In this study, we concentrated on the latent curative effect and the underlying neuroimmune mechanisms of Rg1 against depression in vivo and in vitro. Chronic unpredictable stress (CUS) is an internationally recognized method for modeling depression-like behaviors in rats (Wohleb et al., 2018; Cai et al., 2020), concomitant with undesirable inflammatory responses (Zhou et al., 2019). Additionally, lipopolysaccharide (LPS)-induced inflammation has been widely used as a model in vitro (Harland et al., 2020). We established models of CUS and LPS in vivo in rats and in vitro in glial cells, respectively. Then, we turned to the question of how this neuroimmune basis link existed in depression-inflammation, with a focus on the ubiquitination of Cx43. The study investigated the neuroimmune mechanism of Rg1 against depression and the role of ubiquitination of Cx43 in depression-inflammation relationships. The results might provide a novel therapy for depression with inflammation.
MATERIALS AND METHODS
Reagents
Rg1 (PubChem CID: 441923, C42H72O14, ≥ 98%) was purchased from Jilin University (Changchun, Jilin Province, China). Lucifer Yellow was obtained from Sigma-Aldrich (St. Louis, MO, United States). High-glucose Dulbecco’s Modified Eagle Media (DMEM) and fetal bovine serum were produced by Gibco (Grand Island, NY, United States). Additional antibody sources: mouse β-actin, normal rabbit IgG, rabbit Cx43, mouse Cx43, rabbit ubiquitin, and mouse ubiquitin antibodies were obtained from Cell Signaling Technology (Beverly, MA, United States); Alexa Fluor-488 donkey anti-mouse and 546 donkey anti-rabbit secondary antibodies were produced by Invitrogen (Carlsbad, CA, United States). Protein A/G Plus-Agarose was obtained from Santa Cruz Biotechnology (Santa Cruz, CA, United States). Hoechst 33342 was produced by Dojindo Laboratories (Kumamoto, Japan). Rat and cell supernatant enzyme-linked immunosorbent assay (ELISA) Kits for interleukin-1β (IL-1β), tumor necrosis factor-α (TNF-α), caspase-1, IL-2, IL-6, and IL-18 were purchased from Abcam (Cambridge, United Kingdom).
Animals
For animals, adult male Wistar rats weighing 250–300 g (SPF grade; purchased from Vital River Laboratories, Beijing, China) were kept at a favorable temperature of 22 ± 2°C with suitable humidity (40–60%). Rats were housed three per standard polypropylene cage and ad libitum access to food and water except when they are exposed to food or water deprivation during the CUS procedure. The rats were accustomed to the animal facilities for 7 days, and the sucrose baseline test was performed prior to the experiment to exclude rats that were naturally anhedonic. All experiments were performed in conformity to the National Institutes of Health Guide for the Care and Use of laboratory Animals and were approved by the Animal Care Committee of the Peking Union Medical College and Chinese Academy of Medical Sciences.
Drug Administration and CUS to Animals
The experimental schedule applied to the animal experiments is described in Figure 1. Rats were randomly divided into three groups (n = 6 per group): Vehicle group, rats were administered 0.9% normal saline; CUS group, rats were administered 0.9% normal saline during CUS process; and CUS + Rg1 group, rats were administered Rg1 (40 mg/kg dissolved in 0.9% normal saline) during the CUS process. Rats in the CUS group and CUS + Rg1 group were subjected daily to the CUS procedure over 28 consecutive days, which was performed between 10:00 and 15:00, as described in Table 1. Administration by intraperitoneal injection was conducted between 8:00 and 9:00 a.m. every day, at least 1 h prior to CUS procedure. The efficacy of Rg1 on rats’ behavioral performances in the sucrose preference test (SPT) and open field test (OFT) was carried out on days 29–30 after 28 consecutive days’ stress.
[image: Figure 1]FIGURE 1 | The scheme of experimental design and timeline for animals. Rats were subjected to CUS procedure in the absence or presence of Rg1 (40 mg/kg) for 28 days. Behavioral performances of rats were assessed by the SPT and OFT on days 29–30, after which the rats were sacrificed on day 31 (n = 6 per group). CUS, chronic unpredictable stress; Rg1, ginsenoside Rg1; SPT, sucrose preference test; OFT, open field test.
TABLE 1 | Chronic unpredictable stress procedure.
[image: Table 1]Behavioral Tests
SPT
The SPT was conducted as previously described (Xia et al., 2020). In brief, rats were accustomed to 1% sucrose solution for 48 h. After water deprivation for 24 h, they were exposed to two identical bottles full of either sucrose solution or water for 1 h, and the bottle positions were changed during the test to prevent the interference of bottle position on the experiment. Sucrose preference was defined as the ratio of the volume of sucrose vs total volume of sucrose and water consumed to provide an index of anhedonia.
OFT
The OFT was carried out as previously described (Feng et al., 2019). The bottom of the black open-field box (size: 100 cm × 100 cm × 40 cm) was divided into 25 squares equally. The high-definition camera was used to track and record the activities of each rat. During the OFT process, the total distance and number of crossing were recorded and analyzed by SMART ver. 3.0 (Panlab, S.L., Harvard Apparatus, Spain).
Collection of Blood and Tissue Samples
Blood samples were promptly collected from abdominal aorta when the rats were anesthetized with isoflurane. Then, the serums were separated and stored at −80°C for pro-inflammation cytokines assay. Simultaneously, brains (n = 3) from each group were obtained by perfusion with 4% paraformaldehyde for immunofluorescence staining; brains (n = 3) from each group were directly decapitated to extract the cortex tissues for western blot.
Isolation and Culture of Primary Rat Glial Cells
Primary rat glial cells were obtained from cerebral cortexes of 1-day-old Wistar rats as described previously with minor modifications (Yin et al., 2018). Isolated primary glial cells were cultivated in DMEM supplemented with 10% fetal bovine serum as well as 0.2% InvivoGen Primocin at 37°C in an appropriate atmosphere of 95% air and 5% CO2. After achieving confluency at around 9 days in vitro, the glial cells were used for the subsequent experiments.
Inflammatory Injury to Glial Cells
Glial cells from cerebral cortexes were seeded into 6-well plates to grow up to approximately 90%. The LPS was dissolved in cell culture medium at a concentration of 1 μg/ml, as a model of inflammation in vitro (Cao et al., 2019). There were three groups for cell experiments: Control group, glial cells were cultivated without any treatment; LPS group, glial cells were exposed to LPS (1 μg/ml); and LPS + Rg1 group, glial cells were treated with Rg1 (1 μM) in the presence of LPS (1 μg/ml) for 24 h. After the inflammatory injury to glial cells, the supernatants from each group were collected for detecting the concentration of inflammatory cytokines. Meanwhile, the collection from LPS group was prepared as the inflammatory cytokines-conditioned medium (IC-CM). Three groups were designed to further explore the influence of inflammatory-related cytokines on gap junction intercellular communication: Control group, glial cells were cultivated with normal DMEM; IC-CM group, glial cells were treated with IC-CM; and IC-CM + Rg1 group, glial cells were treated with IC-CM supplemented with Rg1 (1 μM) for 24 h.
Measurement of Pro-Inflammatory Cytokines
The levels of pro-inflammatory cytokines, such as IL-1β, TNF-α, caspase-1, IL-2, IL-6, and IL-18 were detected in both serum from rats and supernatant of cultured primary glial cells by their corresponding ELISA Kits, according to the protocol instructions.
Immunofluorescence
Paraffin Section
After being dewaxed, permeabilized, and blocked, paraffin sections of the prefrontal cortex were incubated with a mixture of mouse anti-Cx43(1:100) and rabbit anti-ubiquitin (1:100) antibodies for 2 h at room temperature. After that, cells were conjugated with secondary antibodies of Alexa Fluor-488 donkey anti-mouse and 546 donkey anti-rabbit (1:500) for 1.5 h in the dark, and the nuclei were labeled with Hoechst 33342 (1:1,000) before being imaged by a Leica confocal microscope (Leica, Wetzlar, Germany).
Immunocytofluorescence Staining
After being rinsed, fixed, and blocked, cells were co-incubated with Cx43 and ubiquitin primary antibodies for 2 h and conjugated with secondary antibodies for 1 h at room temperature, the cells were incubated with Hoechst 33342 for 10 min. Images were performed using the Leica confocal microscope.
Co-Immunoprecipitation
All procedures of Co-IP assay were performed at 4°C as described previously (Liao et al., 2013). Equal amounts (500 μg) of total extracted protein and 1 μg of rabbit antibody against Cx43 or normal rabbit IgG (Cell Signaling Technology) were mixed for 1 h. After incubation with 20 μl of Protein A/G Plus-Agarose for 2 h, the immune complexes were sedimented, washed, and resuspended in 40 μl of electrophoresis loading buffer for western blot.
Western Blot
After the quantification of extracted proteins’ concentrations, equal amounts (30 μg) of protein sample were electrophoresed on 4–20% GLASS gels (Absin, Shanghai, China), and then transferred to polyvinylidene fluoride membranes and incubated for 2 h at room temperature with the following primary antibodies: mouse anti-Cx43 (1:1,000), mouse anti-ubiquitin (1:1,000), or mouse anti-β-actin (1:10,000). The membranes were thoroughly washed and then incubated with secondary antibody of goat anti-mouse for 1.5 h. Protein bands were performed with Image Quant LAS 4,000 mini (Sweden), and analyzed with Gel-Pro analyzer ver. 3.1 (Media Cybernetics, Bethesda, MD, United States).
Scrape-Loading and Dye Transfer
To further evaluate the influence of inflammatory cytokines on gap junction intercellular communication, an index of depression degree, the SLDT assay was conducted as described previously with modifications (Xia et al., 2018). Briefly, after the treatment with IC-CM in the absence or presence of Rg1, cells were scraped and incubated with 0.1% (w/v) Lucifer Yellow for 6 min away from light. Images were performed by fluorescence microscopy.
Statistical Analysis
All experimental data are represented by the mean ± SEM (bars) for three to six independent repetitions. Statistical analysis and graphing were performed with GraphPad Prism ver. 7.0 (GraphPad Software, San Diego, CA, United States). One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test were applied to evaluate the differences among multiple groups, and an unpaired t-test was utilized to assess the difference between two groups. A criterion level of p < 0.05 was considered to determine significance.
RESULTS
Rg1 Attenuates Depression-Like Behaviors in CUS-Treated Rats
To identify the anti-depressant effects of Rg1, we conducted the behavioral experiments of SPT and OFT. The sucrose preference was similar to each group before the CUS (Figure 2A). After the CUS, the sucrose consumption of rats was lower as compared with that of the vehicle group, while treatment with Rg1 significantly prevented the anhedonia in CUS rats (Figure 2A). As for the OFT (Figures 2B,C), the total distance traveled and the number of crossings in the CUS group were seriously decreased as compared with the non-stressed vehicle group, while Rg1 effectively reversed the decrease in total distance and the number of crossings. The results of these behavioral tests indicate the successful production of a depression model in rats, and the potent anti-depressant property of Rg1 in this CUS-induced model of depression.
[image: Figure 2]FIGURE 2 | Rg1 attenuates depression-like behaviors induced by CUS exposure in rats. (A) The sucrose preference of rats was similar to each group before the CUS procedure (a); treatment with Rg1 prevented the decreased sucrose preference in CUS rats (b). (B) Representative images of the route traveled of rats in each group. (C) Rg1 treatment reversed the decreases in total distance and number of crossing of CUS-exposed rats in the OFT. One-way ANOVA followed by Tukey’s multiple comparisons test. All values are represented as mean ± SEM (n = 6). **p < 0.01, compared with the vehicle group; ##p < 0.01 and #p < 0.05, compared with the CUS group.
Rg1 Ameliorates Inflammatory Responses in Serum of Depressed Rats
Inflammation is considered as a critical risk factor in the incidence of depression. To investigate the neuroimmune basis of the antidepressant-like properties of Rg1 in CUS-treated rats, the expression of several critical inflammatory cytokines in rat serum were examined to assess the possible involvement of neuroinflammatory responses in depression (Figure 3). The measurements of rat inflammation-related cytokines, such as IL-1β, TNF-α, caspase-1, IL-2, IL-6, and IL-18, indicated that CUS induced excessive concentrations of pro-inflammatory cytokines, compared with those assessed in the non-stressed vehicle group. However, Rg1 could significantly decrease the increases of pro-inflammatory cytokines caused by CUS exposure. Therefore, depression-like behaviors are accompanied by evaluated inflammatory responses, while Rg1 ameliorates inflammation in CUS rats.
[image: Figure 3]FIGURE 3 | Rg1 ameliorates evaluated inflammatory responses in serum of CUS rats. Treatment with Rg1 decreased the excessive secretion of IL-1β (A), TNF-α (B), caspase-1 (C), IL-2 (D), IL-6 (E), and IL-18 (F) caused by CUS exposure. n = 6 per group. **p < 0.01 and ***p < 0.001, compared with the vehicle group; ##p < 0.01 and #p < 0.05, compared with the CUS group. IL, interleukin; TNF, tumor necrosis factor.
Rg1 Suppresses Ubiquitination of Cx43 in CUS Rats With Inflammation
Since increased activation of inflammation may result in increased ubiquitination of Cx43, and ubiquitination has been presented to be a crucial signal regulating Cx43 degradation by the proteasomal proteolytic pathway (Liao et al., 2013), we next detected the action of Rg1 on ubiquitinated Cx43 by immunoprecipitation and immunofluorescence. The upregulation of ubiquitinated Cx43 levels induced by CUS was reversed by Rg1 treatment (Figures 4, 5), indicating that the potency of Rg1 against the suppression of Cx43 ubiquitination may contribute to the alleviation of inflammation in depressed rats.
[image: Figure 4]FIGURE 4 | Rg1 decreases ubiquitination of Cx43 in rats exposed to CUS. The tissue lysates immunopreciptated using normal rabbit IgG or rabbit antibody against total Cx43 (IP: Cx43). The immune complexes immunoblotted using an antibody against ubiquitin (IB: Ubiquitin). The blots from three independent experiments were subjected to densitometric analyses for ubiquitinated Cx43 and the results were expressed as the density of the bands in the test sample relative to those in the vehicle sample. n = 3 per group. **p < 0.01, compared with the vehicle group; #p < 0.05, compared with the CUS group. Cx43, connexin 43.
[image: Figure 5]FIGURE 5 | Rg1 decreases ubiquitinated Cx43 in CUS-treated rats. The confocal microscopy images showed double-stained with antibodies against Cx43 (green) and ubiquitin (red). Nuclei are stained with DAPI. Scale bar = 150 μm. n = 3 per group. **p < 0.01, compared with the vehicle group; #p < 0.05, compared with the CUS group. Ubi, ubiquitin.
Rg1 Reduces the Pro-Inflammatory Cytokines in Glial Cells Exposed to LPS
To further explore whether Rg1 could restore neuroinflammation responses, the levels of pro-inflammatory cytokines in cell culture supernatant were measured with corresponding ELISA Kits. Consistently, LPS significantly induced the production of inflammatory cytokines in glial cells, which was significantly reduced by Rg1 to exert anti-inflammatory effect (Figure 6).
[image: Figure 6]FIGURE 6 | Rg1 suppresses the increased pro-inflammatory cytokines caused by LPS in glial cells. Consistent with the in vivo results, pro-inflammatory cytokines, including IL-1β (A), TNF-α (B), caspase-1 (C), IL-2 (D), IL-6 (E), and IL-18 (F) were increased by LPS exposure, which was significantly suppressed by Rg1 in primary cultured glial cells. n = 4. *p < 0.05, **p < 0.01 and ***p < 0.001, compared with the Ctrl group; #p < 0.05 and ##p < 0.01, compared with the LPS group. LPS, lipopolysaccharide; Ctrl, control.
Rg1 Ameliorates Inflammation-Induced Gap Junction Dysfunction in Glial Cells
Dysfunction of gap junction intercellular communication is considered as an index for depression, which can be indicated by the diffusion area of fluorescence in the SLDT assay. The IC-CM containing excessive inflammatory cytokines were applied to treat the glial cells. As shown in Figure 7, the gap junction intercellular communication in the IC-CM group was impaired, manifesting that inflammation attacked severe depression. While Rg1 could normalize inflammatory cytokines-induced reduction of diffusion area of fluorescence, demonstrating that Rg1 could ameliorate inflammation-induced dysfunction of gap junctions in glial cells.
[image: Figure 7]FIGURE 7 | Rg1 ameliorates inflammation-induced gap junctional dysfunction in glial cells. The SLDT assay was conducted to detect the influence of Rg1 or inflammatory cytokines on gap junction intercellular communication, which was indicated by the dye spreading area. Scale bar = 100 μm. n = 3. **p < 0.01, compared with the Ctrl group; #p < 0.05, compared with the IC-CM group. SLDT, scrape-loading and dye transfer; IC-CM, inflammatory cytokines-conditioned medium.
Rg1 Suppresses the Increased Cx43 Ubiquitin Degradation in LPS-Induced Glial Cells
To identify the effect of ubiquitination of Cx43 in the anti-inflammatory process of Rg1, we detected the ubiquitinated Cx43 by Co-IP and immunocytofluorescence assays. As the results exhibited, LPS increased the expression of ubiquitinated Cx43 in cortical glial cells (Figures 8, 9). Rg1 reversed LPS-induced upregulation of ubiquitination of Cx43 (Figures 8, 9), indicating that Rg1 could ameliorate neuroinflammation via suppression of Cx43 ubiquitination to attenuate depression. Furthermore, we used the ubiquitin-proteasome inhibitor MG132 (10 μM) to inhibit the ubiquitination of Cx43, to investigate whether it downregulates the increased pro-inflammatory cytokines induced by LPS. Similar to the results of Rg1, MG132 reduced the pro-inflammatory cytokines compared with the LPS group (Figure 10), demonstrating that the ubiquitination of Cx43 might become a potential anti-inflammatory target. Taken together, the anti-inflammatory property of Rg1 is based on the suppression of Cx43 ubiquitination to attenuate depression.
[image: Figure 8]FIGURE 8 | Rg1 suppresses the increased Cx43 ubiquitin degradation in LPS-induced glial cells. The cell lysates were subjected to immunoprecipitation with anti-Cx43 antibody (IP: Cx43) or normal IgG. The resultant precipitates were then subjected to western blot using anti-ubiquitin antibody (IB: Ubiquitin). Quantification of the ubiquitinated Cx43 was expressed as percentages of the control values. n = 3. **p < 0.01, compared with the Ctrl group; #p < 0.01, compared with the LPS group.
[image: Figure 9]FIGURE 9 | Rg1 reduces ubiquitinated Cx43 in LPS-treated glial cells. The confocal microscopy images showed double-stained with antibodies against Cx43 (green) and ubiquitin (red). Nuclei were labeled with blue. Scale bar = 150 μm. n = 3. **p < 0.01, compared with the Ctrl group; #p < 0.05, compared with the LPS group.
[image: Figure 10]FIGURE 10 |  The anti-inflammatory effect of Rg1 may exert by the inhibition of ubiquitination. Inhibiting the ubiquitin-proteasome degradation by MG132 could reverse the increase of IL-1β (A), TNF-α (B), caspase-1 (C), IL-2 (D), IL-6 (E), and IL-18 (F) caused by LPS in glial cells, which was similar to the anti-inflammatory effect of Rg1. n = 4. **p < 0.01 and ***p < 0.001, compared with the Ctrl group; ##p < 0.01 and #p < 0.05, compared with the LPS group.
DISCUSSION
In the present research, we investigated the antidepressant-like potentials of Rg1 and explored its neuroimmune basis in vivo and in vitro. In in vivo experiments, we applied the CUS method to generate an animal model of depression, which mimicked the chronic stressors experienced in humans. The depression-like behavioral tests such as SPT and OFT were minored to identify whether the depressive model was successfully established in rats. The results indicated that CUS treatment for 4 weeks induced robust depression-like behaviors in rats, as evidenced by the decreased consumption of sucrose solution in the SPT, as well as the reduced total distance and number of crossing in the OFT. However, treatment with Rg1 effectively reversed the deficits of depression-like behaviors, confirming that Rg1 could exert prominently anti-depressant effects in CUS-induced depressed rats.
Furthermore, the critical inflammatory factors including IL-1β, TNF-α, caspase-1, IL-2, IL-6, and IL-18 were measured to examine the action of Rg1 on inflammatory responses in CUS rats, as subsequent studies have concluded that neuroinflammation is a crucial factor recognized to be entangled in the occurrence of depression (Kohler et al., 2016). Our results maintained that CUS triggered evaluated secretion of pro-inflammatory cytokines, as assessed by the upregulation of inflammatory cytokines in the CUS group, while Rg1 treatment in depressed rats ameliorated the inflammatory reactions. The results are in line with a previous study, which revealed that Rg1 suppressed oxidative stress and neural inflammatory process in rats subjected to chronic unpredictable mild stress (Li et al., 2020b), suggesting that the antidepressant-like mechanism of Rg1 might be attributed to its anti-inflammatory property.
Cx43, the most ubiquitous Cx that contributes to the interconnection of the CNS network, is one of the more studied of the Cx isoforms, not surprisingly considering its pivotal role in normal physiology as well as its response to injury and disease. As a previous study reported, the neuroinflammation damaged Cx43-gap junction by Cx43-ubiquitin interactions (Zhang et al., 2015). Suppressing the ubiquitination of Cx43 could repair the neuroinflammatory process theoretically. It is well documented that inhibiting Cx43 degradation promoted glial cells transformed into an anti-inflammatory status (Huang et al., 2019; Wang et al., 2020). Conversely, the acceleration of Cx43 degradation triggered the inflammatory process. Besides, Cx43 degradation during stress requires its ubiquitination. The relationship between ubiquitin and Cx43 has been considered as a prominent step in the ubiquitin-proteasome pathway of Cx43 to regulate Cx43 expression and gap junction channels during inflammation processes. Accordingly, we hypothesized that Rg1 could ameliorate neuroinflammation via suppression of Cx43 ubiquitination to attenuate depression. In this study, we further elaborated the change of Cx43 ubiquitination during inflammation. Ubiquitination is a process that covalently modifies the target protein by ubiquitin, which plays a significant role in the internalization and endocytosis of Cx43 proteins (Leithe and Rivedal, 2007). Results from Co-IP and immunofluorescence staining revealed that the ubiquitination of Cx43 was involved in depression-inflammation disease, while Rg1 treatment declined the ubiquitination of Cx43 to alleviate depression and inflammation in vivo.
LPS, which mediates the excessive release of inflammatory cytokines, is widely used to trigger an inflammatory process. In in vitro experiments, we applied LPS to elicit inflammatory injury to rat glial cells that play considerably crucial roles in maintaining CNS homeostasis, such as metabolic regulation of neuronal synaptogenesis, synaptic support, immune signaling, and maintenance of the blood-brain barrier (Brambilla, 2019; Bordon, 2020). The interactions between different groups of glial cell populations in inflammation is a particularly intricate and dynamic process. Our study monitored that LPS induced Cx43 ubiquitination to trigger inflammation. Moreover, Cx43 ubiquitination further promotes its autophagy, which influences the development of organisms (Levine and Klionsky, 2004), immune-mediated defense (Schmid and Münz, 2007), and prevents neuronal degeneration (Boland and Nixon, 2006). Exposure of glial cells to LPS induced a dramatic increase of pro-inflammatory cytokines and Cx43 ubiquitination, while the ubiquitin-proteasome inhibitor MG132 could downregulate the increase of pro-inflammatory cytokines, indicating that Cx43 ubiquitination is a major contribution to the neuroinflammatory responses. Taken together, Rg1 suppresses Cx43 ubiquitination to reduce the degradation of Cx43 and ameliorate neuroinflammation (Figure 11). The pharmacological targeting on Cx43 ubiquitination might represent in perspective an innovative approach to anti-depressant and anti-inflammatory therapy. However, depression is complicated, and inflammation may contribute only in a subpopulation. The intertwined links between depression and neuroinflammation need to be further investigated.
[image: Figure 11]FIGURE 11 | Schematic illustration of the signaling pathway involved in the anti-inflammatory and anti-depressant actions of Rg1 on Cx43 ubiquitination. Stresses, such as CUS or LPS treatment upregulates pro-inflammatory cytokines activation, which in turn aggravates depression. Rg1 may ameliorate neuroinflammation via suppression of Cx43 ubiquitination to attenuate depression.
CONCLUSION
In conclusion, depression-like behaviors were interrelated with inflammatory responses in a CUS-induced rat model of depression, the ubiquitination of Cx43 aggravates the inflammatory response in CUS-treated rats and LPS-treated glial cells, respectively. Rg1 may ameliorate neuroinflammation via suppression of Cx43 ubiquitination to attenuate depression.
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Puerarin, an isoflavone component extracted from herb radix puerariae, is widely used in China in the treatment of immune diseases and inflammation. Previous studies have demonstrated that puerarin prevented acute lung injury by regulating inflammatory responses. However, the effect of puerarin on acute liver injury (ALI) was unclear. The purpose of this study was to explore the beneficial effects of puerarin when applied to ALI. We found that puerarin inhibited liver injury and inflammatory cell infiltration in lipopolysaccharide (LPS)/D-galactose (D-Gal)-induced acute liver failure and the liver pro-inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor-alpha (TNF-α) in liver tissues with ALI and LPS-induced L-02 cells but upregulated the expression level of zinc finger E-box-binding homeobox 2 (ZEB2). Significantly, the results of this study showed that the inhibition of liver pro-inflammatory cytokine (IL-1β, IL-6, and TNF-α) production in LPS-induced L-02 cells was caused by ZEB2 overexpression. However, knocking down ZEB2 promoted LPS-mediated secretion of liver pro-inflammatory cytokines in L-02 cells. Additional experiments showed that puerarin inhibited the activation of the NF-κB signaling pathway by elevating ZEB2 expression in L-02 cells. In summary, puerarin most likely prevented activation of the pro-inflammatory factors and reduced LPS/D-Gal-induced liver injury by enhancing the ZEB2 expression level and, consequently, blocking activation of the NF-κB signaling pathway in the liver.
Keywords: puerarin, ali, inflammatory responses, ZEB2, proinflammatory
INTRODUCTION
As a key organ in the maintenance of energy balance, metabolic homeostasis, immune regulation, protein synthesis, and detoxification (Taub, 2004), the liver plays a leading role in drug metabolism and defense against infections, and is usually damaged as a result of drug overdose and/or severe infections (Lofthus et al., 2012). Acute liver injury (ALI) has a high rate of global morbidity and mortality, which may lead to chronic liver diseases, or even liver failure (Lofthus et al., 2012). Alcohol, drugs, toxins, chronic autoimmune hepatitis, and metabolic diseases have all been demonstrated to cause ALI (Wang Y.-y. et al., 2018; Shi et al., 2018; Yang et al., 2021). Furthermore, other studies also have shown that inflammatory responses play a critical role in ALI pathogenesis (Yang et al., 2020). Significantly, inhibiting the secretion of inflammatory cytokines might be a potential strategy for blocking ALI (Rivera et al., 2020). In addition, the results of recent studies have shown that the pathogenesis of ALI can be blocked by the inhibition of inflammatory responses (Starkey Lewis et al., 2020). In summary, anti-inflammatory therapies are effective in treating ALI (Chen et al., 2020; Zhang et al., 2020). It is, however, necessary to clarify the underlying mechanism of effective targets for ALI caused by sepsis in view of the fact that there is no current effective treatment for ALI (Bae et al., 2018).
ZEB2, part of zinc finger E homeobox-binding protein family, acts mainly as a transcription repressor of the SMAD protein (Scott and Omilusik, 2019). A great deal of evidence has shown that an abnormal expression level of ZEB2 is involved in several liver diseases, including liver cancer and hepatic fibrosis (Katoh and Katoh, 2009; Yang et al., 2017; Zhang et al., 2019). Recently, several investigations have shown that the production of inflammatory cytokines and the epithelial-to-mesenchymal transition (EMT) can be mediated by ZEB2 (Ding et al., 2018; Yang et al., 2021). In addition, activated nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) enters the nucleus and induces expression of the numerous genes involved in cell adhesion, innate and adaptive immune regulation, anti-apoptotic mechanisms, and inflammatory responses (Vallabhapurapu and Karin, 2009; Hayden and Ghosh, 2012). A number of studies have shown that various natural herbs can play a role in suppressing anti-inflammatory responses by inhibiting the NF-κB signaling pathway (Remppis et al., 2010; Liang et al., 2014). Notably, Barbu et al. (2012) demonstrated that knockdown of ZEB2 can promote the LPS-mediated NF-κB response, although high-affinity IgE receptor (FcεRI)-induced NF-κB activation was inhibited (Barbu et al., 2012). Hence, investigating how ZEB2 participates in the inflammatory response may expedite the discovery of new therapeutic targets and efficacious treatment strategies for ALI.
Puerarin is a natural flavonoid compound that isolated from the traditional Chinese herb radix puerariae (Wu et al., 2007). Nowadays, puerarin has received increasing attention for its beneficial effects on inflammation (Xiao et al., 2011; Yao et al., 2012). A previous study revealed that puerarin plays a crucial role in a variety of pharmacological properties, including anti-oxidant, anti-inflammatory, cardioprotective, anticancer, and antidiabetic properties (Li et al., 2014; Yang et al., 2016). For example, Zhang et al. found that osteoclast formation and bone loss induced by LPS was inhibited puerarin (Zhang et al., 2016). Meanwhile, inflammatory responses and apoptosis were also inhibited by puerarin in LPS-stimulated cardiomyocytes and acute lung injury (Yuan et al., 2016; Wang X. et al., 2018). More importantly, researchers reported that puerarin inhibits iNOS, COX-2 and CRP expression via suppression of NF-κB activation in LPS-induced RAW264.7 macrophage cells (Hu et al., 2011). However, whether puerarin has a protective effect against the inflammatory response in ALI remains unclear.
In this study, we have confirmed that puerarin inhibits the expression of IL-1β, TNF-α, and IL-6, thereby attenuating the LPS-induced inflammatory response of L-02 cells and LPS/D-Gal-induced ALI. Furthermore, the expression of ZEB2 was reduced in ALI, while it was enhanced by puerarin. Mechanistic studies have shown puerarin regulates ZEB2 via NF-κB signaling in ALI to attenuate the inflammatory response.
MATERIALS AND METHODS
Materials and Reagents
Puerarin (purity >98%, provided by Anhui Medical University), LPS, and D-Gal (Aibsin Biotechnology Co., Ltd., Shanghai, China) were used without further purification. β-Actin monoclonal antibody was from Bioworld, China. Phospho-p65 and Phospho-IκBα polyclonal antibodies were from Cell Signaling Technology (Danvers, MA, United States ). Human IL-1β, TNF-α, and IL-6 enzyme-linked immunosorbent assay (ELISA) kits were provided by Nanjing Fcmacs Biotechnology Co., Ltd. (Jiangsu, China). The polyclonal antibodies for IL-1β, TNF-α, and IL-6 were provided by Bioss (Beijing, China). Human ZEB2 was purchased Abcam, United States . The AST and ALT assay kits were from Nanjing Jiancheng Biology Engineering Institute PeproTech (Nanjing China). Dulbecco’s Modified Eagle Medium (DMEM) was supplied by Invitrogen, Thermo Fisher Scientific, Inc. (Waltham, MA, United States ). The antibiotic-antimitotic reagent was supplied by Invitrogen, and the human ELISA kits were supplied by Hangzhou MultiSciences (Lianke) Biotech, Co., Ltd. (Hangzhou, China). β-Actin (BS6007M, 1:1,000). Phospho-p65 (3,033, 1:1,000). Phospho-IκBα polyclonal (2,859, 1:1,000). Human IL-1β, TNF-α, and IL-6 (bs-0812R, bs-0781R and bs-16610R, 1:500). ZEB2 (ab223688, 1:500).
Animals and Treatment
Male C57BL/6 mice (6–8 weeks old) were obtained from the Experimental Animal Center of Anhui Medical University, fed with the standard laboratory diet and water ad libitum, and kept in a controlled environment at 20–25°C, 50 ± 5% relative humidity, and a 12 h dark/light cycle. The research protocol was approved by Anhui Medical University’s local animal care committee. LPS/D-Gal-induced ALI in animals was induced as previously described (Yang et al., 2021). In brief, ALI was induced by intraperitoneal injection of D-Gal (700 mg/kg) and LPS (20 μg/kg) in 200 μl. On the same time, the different concentrations of puerarin (25 mg/kg, 50 mg/kg and 100 mg/kg) were used by gavage. Phosphate buffered saline (PBS) was used for the sham treatment. All experiments were carried out in accordance with the ethical guidelines of nursing institutions using laboratory animals at Anhui Medical University. The procedures involving animals were carried out in accordance with NIH guidelines and were approved by the Animal Care and Use Committee (No. LLSC20150348).
Serum Aminotransferase Activity
Following collection, the blood samples were centrifugated at 5,000 rpm for 10 min. Commercially available kits were then used to assay the activity of serum aspartate aminotransferase (alanine transaminase (AST) and aspartate transaminase (ALT)).
Histopathology
After excision from the mice, the liver tissue samples were fixed in 10% formaldehyde at 25°C and then embedded in paraffin. Hematoxylineosin was then used to stain the serial paraffin sections (4 µm) for conventional morphological evaluation under an optical microscope.
Immunofluorescence and Immunohistochemical Staining
Immunofluorescence and Immunohistochemical (IHC) staining were carried out according to the protocol described previously (Yang et al., 2019).
Cell Culture
The L-02 cell line, which belong to normal human liver cell, was obtained from Shanghai Institute of Materia Medica, Chinese Academy of Sciences (SIMM) and stored in DMEM with 10% fetal bovine serum and 1% antibiotic-antimitotic reagent. For the treatments, the L-02 cells were plated in 6-well plates at 2 × 105 per well. Twenty-four hours after plating, LPS was added to the cells, and sterile PBS was used as the negative control. puerarin was then added to the cells treated with LPS. Twenty-four hours after treatment, the supernatant and total protein were collected for ELISA and Western blot (WB) assays.
Transfection Small Interfering RNA
The L-02 cells were plated in a 6-well plate (2 × 105/well) and cultured for 24 h. The transfection of cells was performed according to the method described previously (Zhou et al., 2016; Yang et al., 2019). The siRNA sequences used are listed in Table 1. All experiments were performed in triplicate.
TABLE 1 | Sequences used in transfection.
[image: Table 1]Plasmid Construction
The ZEB2 overexpression plasmid was synthesized by amplifying the complementary DNA (cDNA) coding for ZEB2 cDNA and inserting the cDNA coding for ZEB2 into the target vectors using Gateway cloning (Invitrogen, California, United States ). Using the restriction sites XbaI and BamHI, the N-terminal region encoded with ZEB2 containing the predicted CARD domain was cloned into the pEGFP-C2 vector.
ZEB2-F: 5′-GGG​GTA​CCC​CAT​GAA​GCA​GCC​GAT​CAT-3′.
EB2-R: 5′-GCT​CTA​GAG​CTC​ACA​TGC​CAT​CTT​CC-3′.
The manufacturer’s instructions were followed for cell transfection with Lipofectamine™ 2000 (ThermoFisher, California, United States ).
Western Blot
Sample proteins were transferred to 0.22 μm PVDF membranes (Millipore, Massachusetts, United States ) after separation by 10% PAGE electrophoresis, followed by blocking for 2 h in 5% skimmed milk with tris-buffered saline and Polysorbate 20 (Tween 20) (TBST) buffer. The membranes were then incubated overnight with the primary antibodies at 4°C. The HRP-conjugated secondary antibodies were incubated onto membranes. The protein bands were visualized using a chemiluminescent detection system. β-Actin was used as internal control for the protein. ImageJ computer software (https://imagej.nih.gov/ij/) was used to analyze the density of the immunoreactive bands.
RNA Extraction and Quantitative Real-Time PCR (qRT-PCR)
qRT-PCR was performed as described previously (Yang et al., 2017; Yang et al., 2019). Total RNA was isolated for cDNA synthesis. The expression levels of the indicated genes were estimated by real-time PCR using SYBR® Green Master (BioRad, United States ). The PCR results for glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were used as internal controls. The primers used for the PCR are listed in Table 2.
TABLE 2 | Primers used in real-time qRT-PCR.
[image: Table 2]Enzyme-Linked Immunosorbent Assay
Human ELISA kits were used to measure the concentrations of serum cytokines according to the manufacturer’s protocols. The levels of IL-1β, IL-6, and tumor necrosis factor-alpha (TNF-α) were detected using the human ELISA kits.
Statistical Analysis
The data are expressed as the means ± SE of at least three independent experiments and compared using one-way analysis of variance (ANOVA) and the Student Newman–Keuls test using Prism 9.1.0 software (https://www.graphpad.com/scientific-software/prism). P-values less than 0.05 were considered statistically significant.
RESULTS
Puerarin Protected Mice From ALI Induced by LPS/D-Gal
To evaluate the protective role of PUERARIN in ALI in mice, a model of ALI was constructed using LPS/D-Gal, in which the histological changes in ALI were assessed. As demonstrated in Figure 1A, the liver tissues in the control group showed a normal liver structure, while those in the LPS/D-Gal group showed pathological changes, including severe liver structure destruction, cytoplasmic vacuolization, extensive hemorrhaging, and obvious inflammatory cell infiltration. However, treatment with puerarin (25, 50, 100 mg/kg) significantly reduced the pathological process in the LPS/D-Gal-treated mice livers, such that the well-organized hepatic lobular structure and inflammatory cell infiltration were reduced. In addition, the plasma ALT and AST activity levels were also detected, which are two important biochemical indicators of liver failure. The results showed that their levels were remarkably enhanced by administration of LPS/D-Gal (Figure 1B). However, compared with the LPS/D-Gal group, puerarin significantly reduced the activity of ALT and AST (Figure1B).
[image: Figure 1]FIGURE 1 | Puerarin protected mice from acute liver injury (ALI) induced by LPS/D-Gal. (A): Hematoxylin and eosin (H and E) staining was conducted, the specimens were examined under a microscope (×100), and inflammatory cell accumulation was counted. (B): Serum activities of ALT and AST were measured (n = 6). (C): Representative immunohistochemical stained images of inflammatory cytokines (D–F): The inflammatory cytokines were measured using ELISA (G–I): qRT-PCR analysis of TNF-α, IL-6, and IL-1β mRNA levels in ALI liver tissues. (J): Western blot analysis of TNF-α, IL-6, and IL-1β protein levels in ALI liver tissues. The assays were performed at least three times, with similar results. Data are shown as the means ± SD (n = 3) of one representative experiment; ###p and ##p < 0.01 versus normal groups; ***p < 0.001 and **p < 0.01 and *p < 0.05 versus the LPS/D-Gal group.
Next, to further determine the extent of the protective effect of puerarin in LPS/D-Gal-induced ALI, the levels of IL-1β, TNF-α, and IL-6 were monitored. IHC and ELISA analyses showed that, compared with the normal group, LPS/D-Gal increased the IL-1β, TNF-α, and IL-6 expression levels. However, puerarin decreased the IL-1β, TNF-α, and IL-6 expression levels to a remarkable degree compared with the LPS/D-Gal group (Figures 1C–F). Similarly, compared with the LPS/D-Gal group, the protein and mRNA levels of IL-1β, TNF-α, and IL-6 were increased by LPS/D-Gal compared with the normal group, which was inhibited by puerarin (Figures 1G–J). Collectively, these results showed that puerarin had a significant anti-inflammatory activity and a preventative role in LPS/D-Gal-induced acute liver failure.
Puerarin Reduced the Inflammatory Responses in LPS-Induced L-02 Cells
In order to evaluate the effect of puerarin on inflammation in ALI, we established an ALI model in L-02 cells using LPS (0.01, 0.1, 1, 10 μg/ml, 24 h). The Western Blot results showed that LPS significantly increased IL-1β, TNF-α, and IL-6 expression levels compared with the normal group, and L-02 cells were treated with LPS to reach a peak value of 0.1 μg/ml (24 h) (Figure 2A). Moreover, LPS (0.1 μg/ml, 24 h) and puerarin (10, 20, 30, 40 μM, 24 h) were used to stimulating the L-02 cells. The above results showed that the protein levels of IL-1β, TNF-α, and IL-6 were reduced in the LPS-induced L-02 cells effectively, which peaked with the puerarin treatment at 40 μM (Figure 2B). Additionally, the results of the ELISA showed that the levels of IL-1β, TNF-α, and IL-6 were enhanced by LPS and reduced by puerarin (Figure 2C). The qRT-PCR and WB results showed that the protein and mRNA levels of IL-1β, TNF-α, and IL-6 were inhibited in the L-02 cells induced by LPS (0.1 μg/ml, 24 h) and puerarin (40 μM, 24 h) (Figures 2D,E). Collectively, these results suggested that higher doses of puerarin had an obvious anti-inflammatory effect in the LPS-mediated L-02 cells.
[image: Figure 2]FIGURE 2 | Puerarin reduced the inflammatory responses in LPS-induced L-02 cells. (A) and (B): The protein expression levels of TNF-α, IL-6, and IL-1β were measured by Western blot (WB) analyses. (C): The expression levels of TNF-α, IL-6, and IL-1β were measured by ELISA. (D): The mRNA levels of TNF-α, IL-6, and IL-1β were measured using qRT-PCR. (E): The protein expression levels of TNF-α, IL-6, and IL-1β were measured using WB analyses. The assays were performed at least three times, with similar results. Data are shown as the means ± SD (n = 3) of one representative experiment; ###p < 0.001 and ##p < 0.01, #p < 0.05 versus normal groups; ***p < 0.001and **p < 0.01 and *p < 0.05 versus the LPS group.
Puerarin Elevated the Expression Level of ZEB2 in ALI and LPS-Induced L-02 Cells in Mice
Growing evidence has shown that ZEB2 is closely associated with inflammatory cytokine secretion in inflammation-related diseases (Kajita et al., 1980; Omilusik et al., 2015; Yang et al., 2021). Thus, we detected the expression level of ZEB2 in LPS/D-Gal-induced mice and LPS-induced L-02 cells using qRT-PCR. As presented at Figure 3A, the ZEB2 expression level was significantly attenuated by LPS/D-Gal in vivo in comparison with the normal group. However, compared with the LPS/D-Gal group, puerarin promoted the expression of ZEB2 significantly. These results were further confirmed by WB and qRT-PCR (Figures 3C,E). The ZEB2 expression level was then measured in the LPS-induced L-02 cells. The results of IF, WB, and qRT-PCR showed that LPS suppressed the protein and mRNA levels of ZEB2 compared with the normal group in the L-02 cells. However, puerarin dramatically impaired the downregulation of ZEB2 (Figures 3B,D,F). These results showed that puerarin promoted the ZEB2 expression level in the LPS-induced L-02 cells.
[image: Figure 3]FIGURE 3 | Puerarin elevated the expression level of ZEB2 with ALI and LPS-induced L-02 cells in mice. (A): Representative immunohistochemical stained images of ZEB2. (B): Representative immunofluorescence stained images of ZEB2. (C) and (D): The mRNA expression levels of ZEB2 were measured using qRT-PCR in liver tissues with ALI and LPS-induced L-02 cells. (E) and (F): The protein expression levels of ZEB2 were measured using WB analyses in liver tissues with ALI and LPS-induced L-02 cells. The assays were performed at least three times, with similar results. Data are shown as the means ± SD (n = 3) of one representative experiment; ###p < 0.001 and ##p < 0.01 versus normal groups; ***p < 0.001 and **p < 0.01 and *p < 0.05 versus the LPS group.
Lipidosome-Mediated Transduction Leading to Overexpression or Knockdown of ZEB2 in L-02 Cells
To investigate the ZEB2 effect on ALI, we inhibited and promoted the expression of ZEB2 using targeted siRNA and pEGFP-C2-ZEB2 in L-02 cells, respectively. The ZEB2 siRNA and the pEGFP-C2-ZEB2 were transfected into L-02 cells using lipidosomes. The above results showed that ZEB2-siRNA stimulated a clear reduction in ZEB2 protein and mRNA expression levels in L-02 cells in comparison with the ZEB2-NC group (Figures 4A,C). In contrast, the protein and mRNA levels of ZEB2 were elevated by pEGFP-C2-ZEB2 (Figures 4B,D). The above data offer a strategy for studying the downstream signaling pathway of ZEB2 in L-02 cells.
[image: Figure 4]FIGURE 4 | Lipidosome-mediated transduction leading to overexpression or knockdown of ZEB2 in L-02 cells. (A) and (B): The mRNA expression levels of ZEB2 were measured using qRT-PCR in LPS-induced L-02 cells transfected with ZEB2 siRNA and pEGFP-C2-ZEB2 (C) and (D): The protein expression levels of ZEB2 were measured using WB analyses in LPS-induced L-02 cells transfected with ZEB2 siRNA and pEGFP-C2-ZEB2. The assays were performed at least three times, with similar results. Data are shown as the means ± SD (n = 3) of one representative experiment; ###p < 0.001 and ##p < 0.01, #p < 0.05 versus normal groups; **p < 0.01 and *p < 0.05 versus the LPS group.
ZEB2 Inhibited the Expression of IL-6, TNF-α, and IL-1β in LPS-Induced L-02 Cells
To investigate the potential anti-inflammatory effect of ZEB2 in ALI, the levels of pro-inflammatory cytokines, including IL-1β, IL-6, and TNF-α, were monitored in the LPS-induced L-02 cells. The results of qRT-PCR analysis demonstrated that ZEB2-siRNA promoted the levels of IL-6, IL-1β, and TNF-α mRNA compared with the ZEB2-NC group (Figures 5A–C). In contrast, the expression levels of IL-1β, IL-6, and TNF-α were inhibited by pEGFP-C2-ZEB2 (Figures 5D–F). WB analysis also confirmed the inhibiting effect of ZEB2 on LPS-induced IL-6, TNF-α, and IL-1β upregulation at the protein level (Figures 5G,H). Importantly, the expression of TNF-α, IL-1β, and IL-6 was inhibited in L-02 cells co-treated with ZEB2-siRNA and puerarin (Figure 6A). Generally, the results suggested that ZEB2 might act as an important mediator of inflammatory responses in LPS-induced L-02 cells.
[image: Figure 5]FIGURE 5 | ZEB2 inhibited the expression levels of TNF-α, IL-1β, and IL-6 in LPS-induced L-02 cells. (A–F): The mRNA expression levels of TNF-α, IL-6, and IL-1β were measured using qRT-PCR in L-02 cells transfected with ZEB2 siRNA and pEGFP-C2-ZEB2. (G) and (H): The protein expression levels of TNF-α, IL-6, and IL-1β were measured using WB analyses in L-02 cells transfected with ZEB2 siRNA and pEGFP-C2-ZEB2. The assays were performed at least three times, with similar results. Data are shown as the means ± SD (n = 3) of one representative experiment; ###p < 0.001 and ##p < 0.01, #p < 0.05 versus normal groups; **p < 0.01 and *p < 0.05 versus the LPS group.
[image: Figure 6]FIGURE 6 | ZEB2 inhibited the LPS-induced activation of the NF-κB signaling pathway in L-02 cells. (A): The expression levels of TNF-α, IL-6, and IL-1β were detected using WB analyses in LPS-induced L-02 cells treated with PUERARIN and transfected with ZEB2 siRNA and pEGFP-C2-ZEB2. (B) and (C): The protein expression levels of p-p65 and p-IκBα were detected using WB analyses in LPS-induced L-02 cells transfected with ZEB2 siRNA and pEGFP-C2-ZEB2. The assays were performed at least three times, with similar results. Data are shown as the means ± SD (n = 3) of one representative experiment; ###p < 0.001 and ##p < 0.01, #p < 0.05 versus normal groups; **p < 0.01 and *p < 0.05 versus the LPS group.
ZEB2 Inhibited LPS-Induced the Activation of NF-κB Signaling Pathway in L-02 Cells
It is clear from the results of several studies that NF-κB signaling is closely related to prototypical pro-inflammatory cytokines that play important roles in the pathogenesis of inflammatory diseases (Lawrence, 2009). Therefore, in order to further explore the anti-inflammatory mechanism of ZEB2 in L-02 cells, WB was used to detect p-p65 and p-IκBα expression in L-02 cells following pEGFP-C2-ZEB2 and ZEB2-siRNA treatment. As shown in Figure 6B, the expression levels of p-p65 and p-IκBα were promoted by LPS. However, pEGFP-C2-ZEB2 significantly repressed the p-p65 and p-IκBα expression levels in L-02 cells. By contrast, knockdown of ZEB2 promoted the expression levels of p-p65 and p-IκBα in LPS-induced L-02 cells (Figure 6C). Collectively, the results showed that the mechanism of ZEB2-inhibited ALI might be associated with activation of the NF-κB signaling pathway.
DISCUSSION
For all we know, this is first study to investigate the regulatory role and potential molecular mechanisms of puerarin in the development of ALI. Through the results, we confirmed that the expression of IL-1β, TNF-α, and IL-6 could be inhibit by puerarin, thereby attenuating the LPS-induced inflammatory response of L-02 cells and LPS/D-Gal-induced ALI. Furthermore, the expression of ZEB2 was downregulated in ALI, while it was upregulated by puerarin. After that, we also testified that the activation of NF-κB signaling pathway was inhibited by ZEB2. These discoveries may help us to go a step further to understand the molecular role of puerarin and have more opportunities to find novel therapeutic targets for ALI (Figure 7).
[image: Figure 7]FIGURE 7 | Puerarin upregulated the expression levels of ZEB2 in a dose-dependent manner in LPS-induced L-02 cells. It was then able to inhibit the production of TNF-α, IL-6, and IL-1β by suppressing the activation of the NF-κB signaling pathway.
ALI is a serious hepatic inflammatory disease with high mortality and morbidity, caused by alcohol abuse, drug side effects, hepatitis viruses, metabolic syndromes, hepatotoxins originating from sepsis, and bacterial infections (Peng et al., 2019). Growing evidence has demonstrated that inflammatory cytokines play a key role in ALI development (Bhatia and Moochhala, 2004). IL-1β can cause cell damage, and the production of IL-1β can lead to lung epithelial injury (Kolb et al., 2001). TNF-α, the earliest endogenous mediator, can enhance the inflammatory response (Gouwy et al., 2005). In addition. IL-6, the main pro-inflammatory cytokine, is pleiotropic and can induce lung edema (Kubo et al., 1998). Therefore, inhibiting the above inflammatory cytokines, which can lead to serious tissue damage, can attenuate ALI induced by LPS (Goodman et al., 2003). Although the etiology varies widely, these conditions induce the activation of immune mechanisms, exacerbate inflammation following the first attack, and might even lead to fatal loss of liver function characterized by excessive hepatocyte death (Kim and Lee, 2013). Currently, the available treatments for ALI/acute liver failure are mainly supportive, protecting hepatocytes and preventing complications caused by severe liver failure, while related treatments for the specific pathogenesis of ALI have not been found (Stravitz and Lee, 2019). In summary, the need to determine related specific targets and targeted drugs/chemotherapies for the treatment of ALI is urgent.
Puerarin is a flavonoid component isolated from Pueraria lobata widely known as Gegen in traditional Chinese medicine and has been clinically used for its protection against inflammation, oxidative stress, and mitochondrial dysfunction (Wang et al., 2016; Zeng et al., 2018; Xiao et al., 2020). Previous research has found that puerarin plays a significantly regulator role in various diseases, including liver damage (Peng et al., 2013). In addition, it has been reported that puerarin have anti-tumor (Kapoor, 2013), anti-inflammatory (Singh et al., 2013) and antioxidant effect (Wang et al., 2014). Interestingly, a finding suggested that puerarin could inhibited LPS-induced acute lung injury through inhibiting inflammatory response (Wang X. et al., 2018). More importantly, Li et al. showed that puerarin could prevent the LPS/D-Gal-induced liver injury in mice, and its mechanisms might be associated with the increments of autophagy and suppression of apoptosis (Li et al., 2018). In the present study, we found that puerarin possesses immunoregulatory and anti-inflammatory effects. Although these studies have shown that puerarin can play an important role in inflammation, the functional role of puerarin in the inflammatory response of ALI remains unknown. Our studies so far have found that LPS stimulated IL-1β, TNF-α, and IL-6 expression in L-02 cells and mice liver tissues with ALI. However, the upregulated expression levels of these cytokines were suppressed by puerarin. These results showed that puerarin can inhibit the inflammatory response so as to resist ALI induced by LPS.
ZEB2, also known as ZFHX1B and SMAD-interacting protein-1 (SIP1), is a DNA-binding transcription regulator. It is a dimerization in the E-box motif in diverse promoters (E-cadherin promoter) and downregulates E-cadherin and other epithelial genes (Verschueren et al., 1999). Numerous studies have revealed that ZEB2 induces the epithelial-to-mesenchymal transition (EMT) efficiently (Fardi et al., 2019). Additionally, a previous study has shown that miR-498 targets ZEB2 to inhibit invasion, migration, and proliferation in liver cancer cells (Zhang et al., 2019), suggesting that the level of ZEB2 is abnormal in some diseases, including liver disease. Importantly, Ding et al. (2018) demonstrated that LPS promotes inflammatory cytokine secretion. However, ZEB2 inhibited inflammatory cytokine secretion in acute kidney injury and was reported to be related to the NF-κB signaling pathway (Ding et al., 2018). Interestingly, our group’s previous study showed that paeonol derivative-6 activates ZEB2 to attenuate inflammation in ALI (Yang et al., 2021). In this study, our results have demonstrated that LPS reduces the production of inflammatory cytokines in L-02 cells and ALI liver tissues. However, the inflammatory response was inhibited by puerarin. Moreover, puerarin at a higher dose (100 mg/kg) had a better anti-inflammatory effect than it had in the lower dose (25 mg/kg) group. Furthermore, ZEB2 expression was found to be increased by puerarin in LPS-induced L-02 cells and liver tissues with ALI. More importantly, knockdown of ZEB2 elevated the IL-1β, TNF-α, and IL-6 expression levels in LPS-induced L-02 cells compared with ZEB2-NC. In contrast, compared with the pEGFP-C2 group, pEGFP-C2-ZEB2 induced a significant inhibition of the IL-1β, TNF-α, and IL-6 expression levels in LPS-induced L-02 cells. Furthermore, the results showed that the anti-inflammatory effects of puerarin were inhibited after ZEB2 had been blocked. These results showed that puerarin inhibited the inflammatory responses through ZEB2. Moreover, puerarin was also considered to activate ZEB2 and show anti-inflammatory effects.
Immune responses and inflammation are known to be regulated following NF-κB activation (Vallabhapurapu and Karin, 2009). Generally, NF-κB is localized in the cytoplasm through a family of inhibitory proteins, the NF-κB (IκBs). Following activation by LPS, the NF-κB unit p65 separates from IκB and transfers to the nucleus and regulates the expression of inflammatory cytokines (Lawrence et al., 2005). Studies have shown that lung injury in a mouse model is reduced following inhibition of the activation of NF-κB (Everhart et al., 2006). Multiple strategies and agents have been shown to inhibit the activation of NF-κB and reduce the recruitment of neutrophils into lung tissue (Shen et al., 2009; Yunhe et al., 2012). Significantly, inhibiting the NF-κB signaling pathway can reduce inflammation effectively and prevent joint destruction in experimental models of arthritis, as the pathway plays an effective role in regulating a variety of inflammatory reactions (Li et al., 2015; Zhang et al., 2017). In this study, our results showed that pEGFP-C2-ZEB2 induces a significant inhibition of p-p65 and p-IκBα expression levels in LPS-induced L-02 cells, in comparison with pEGFP-C2. However, knockdown of ZEB2 significantly increased p-p65 and p-IκBα expression levels in LPS-induced L-02 cells compared with the ZEB2-NC group. Collectively, these results show that ZEB2 subsequently inhibited activation of the NF-κB pathway in LPS-induced L-02 cells.
In summary, our results have demonstrated that LPS/D-Gal induced the production of inflammatory cytokines in ALI liver tissues, while puerarin inhibited their production in ALI. Furthermore, the ZEB2 expression level was reduced in ALI. The upregulated expression level of ZEB2 blocks ALI inflammatory responses by means of the NF-κB signaling pathway. Therefore, the results of this study show that puerarin might serve as an activator of ZEB2 via NF-κB signaling, thereby inhibiting inflammation. Our work has confirmed the effects of puerarin on the production of inflammatory cytokines in vitro. Furthermore, the potential application of puerarin to act as a novel lead compound in ALI anti-inflammatory therapy has also been highlighted.
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Cell necrosis and neuroinflammation play an important role in brain injury induced by ischemic stroke. Previous studies reported that Taohong Siwu decoction (THSWD)can reduce heart muscle cell necrosis and has anti-inflammatory properties. In this study, we investigated the effects of THSWD on cell necrosis and neuroinflammation in a rat model of middle cerebral artery occlusion (MCAO). Thirty-six male Sprague-Dawley (SD) rats were randomly divided into three groups with 12 rats in each group. They were the sham operation group, MCAO model group, and MCAO + THSWD group. We used ELISA to determine the levels of TNF-α, Mcp-1, and IL-1β inflammatory factors in rat serum, qRT‐PCR to detect the expression of TNF‐α, Mcp‐1 and IL‐1β mRNA in rat brain, and immunohistochemistry to detect the number of microglia and neutrophils in rat brain. qRT-PCR and Western blot were used to detect the mRNA and protein expression levels of IBA-1 and MPO inflammatory factors and the TNF-α/RIP1/RIP3/MLKL pathway in the rat brain and protein expression levels. Compared with the sham operation group, the expression of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors and the TNF-α/RIP1/RIP3/MLKL pathway were significantly upregulated in the MCAO group. Compared with the MCAO group, the expressions of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors and the TNF-α/RIP1/RIP3/MLKL pathway were significantly downregulated in the MCAO + THSWD group. THSWD can reduce the expression levels of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors as well as the TNF-α/RIP1/RIP3/MLKL pathway. Meanwhile, it can reduce the necrosis and inflammation of brain cells after cerebral ischemia, so as to protect the brain tissue of rats.
Keywords: taohong siwu decoction, ischemic stroke, cell death, nerve inflammation, rats
INTRODUCTION
Ischemic stroke is a disorder of cerebral blood circulation, which causes cerebral ischemia and hypoxia and leads to localized ischemic necrosis of brain tissue. Meanwhile, it can activate nonspecific inflammation of local tissue, which is an important factor for aggravating ischemic brain injury. Cell necrosis and neuroinflammation play an important role in transient ischemic stroke and reperfusion (Chen et al., 2016; Wang et al., 2021). For example, the neuroinflammatory response to ischemic stroke is characterized by astrocyte activation, microglial residence, infiltration of peripheral leukocytes, and release of pro-inflammatory mediators. In addition, infiltrating neutrophils and activated microglia produce free radicals and oxidants that damage central nervous system tissues, which lead to long-term disability and death in stroke patients (Roger et al., 2012). Therefore, the development of a protective strategy against cell necrosis and neuroinflammation may be an effective approach in the treatment of patients with ischemic stroke.
Taohong Siwu Decoction (THSWD) is from Wu Qian’s “The Golden Guide to Medicine” of the Qing Dynasty. The formula consists of safflower and peach seeds, which promote blood circulation and remove blood stasis. Meanwhile, it also uses angelica and rehmanniae to replenish qi and produce blood (Zhang, 2014). Studies have shown that THSWD have many advantages for dong sth. For example, inhibiting the expression of pro-apoptotic protein Bax, promoting the expression of anti-apoptotic protein Bcl2, reducing the exudation of lactate dehydrogenase (LDH), increasing the activity of antioxidant enzyme superoxide dismutase (SOD), and reducing the content of lipid oxide malondialdehyde (MDA) in a simulated ischemic animal model, etc. The mechanism may be related to the inhibition of cell oxidation and apoptosis (Mao et al., 2016). In the rat model of postherpetic neuralgia, THSWD has an analgesic effect on postherpetic neuralgia in rats by inhibiting the release of inflammatory factors such as tumor necrosis factor-α (TNF-α) and interleukin-1β (IL-1β) and reducing the apoptosis of spinal nerve cells (Xu et al., 2021). Clinically, studies have shown that THSWD can effectively dredge the blood and qi in patients with ischemic stroke, and improve the microcirculation of the brain tissue. Especially, it can reduce the patient’s body inflammation and nerve damage, which more effectively promotes restoration of nerve function in the patient (Zhang, 2019). The research by Wang et al. (2020) shows that THSWD can decrease the activation of NLRP3 inflammasome, downregulate GSDMD, and inhibit cell pyrotosis in MCAO/R rats. Chen et al., 2020 research shows that THSWD can promote angiogenesis after cerebral ischemia in rats by regulating platelet particles, and then treating cerebral ischemia. Other studies have shown that THSWD may regulate the survival of neurons by upregulating the expression of brain-derived neurotrophic factor (BDNF), activating the BDNF-TrkB-ERK1/2 signaling pathway, there by promoting the recovery of cerebral ischemic injury (Wu, 2018).
From the perspective of apoptosis, programmed cell necrosis initiated by the tumor necrosis factor receptor (TNFR) family and toll-like receptor (TLRS) family is the most studied necrosis pathway at present. In the cell, it is mainly mediated by receptor-interacting protein kinases RIPK1 and RIPK3, recruited, and phosphorylated into a mixed lineage kinase-domain-like protein (MLKL), which eventually forms necrotic bodies and causes cell death (Shan et al., 2018).
By replicating the rat model of cerebral ischemia, this study explored whether THSWD can reduce cell necrosis and neuroinflammation in the rat model of MCAO by inhibiting the expression levels of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors as well as the TNF-α/RIP1/RIP3/MLKL pathway. It provides an experimental basis and theoretical basis for the further development of THSWD.
MATERIALS AND METHODS
Animals
A total of 36 adult male Sprague-Dawley rats (230–270 g) were obtained from the Experimental Animal Center of Anhui Medical University. Rats were kept in a humidity and temperature-controlled chamber with a 12-h light/dark cycle and free access to water and food.
Medicinal Materials
THSWD composition: angelica (Angelicae Sinensis Radix, batch number: 16070501), rehmanniae (Rehmanniae Radix Praeparata, batch number: 17042501) and chuanxiong (Chuanxiong Rhizoma, batch number: 17061601), radix paeoniae alba (Paeoniae Radix Alba, batch number: 17050301), peach kernel (Persicae Semen, batch number: 17033101), safflower (Carthami Flos, batch number: 17041401) each 100 g, All purchased from the pharmacy of the First Affiliated Hospital of Anhui University of Traditional Chinese Medicine. According to the ratio of peach kernel: safflower: rehmanniae: angelica: radix paeoniae alba: chuanxiong = 3:2:4:3:3:2, put the herbal medicine in a beaker, first extract with 10 times the amount of water for 2 h, filter, save the filtrate, the filtrate is extracted with 8 times the amount of water for 1.5 h, filter, combine the two filtrates, concentrate the filtrate to make a concentrate containing 0.9 g/ml of herbal medicine, and store it in a low temperature place away from light (Duan et al., 2020).
Animal Groups
After adaptive feeding for 1 week, 36 rats were randomly divided into three groups with 12 mice in each group: sham operation group, MCAO group and MCAO + THSWD group. In the MCAO + THSWD group, 9 g/(kg-d) of THSWD was administered by gavage on the second day of modeling, and the same amount of saline was administered by gavage on the second day of modeling in the MCAO and sham operation groups once a day for 7 days. All rats were anesthetized by intraperitoneal injection of chloral hydrate (350 mg-kg) 2 h after the last dose, and the brain tissues were removed by severing the head, and the brain tissues of each group were fixed with 4% paraformaldehyde and frozen at −80°C in the refrigerator.
Preparation of MCAO
The model of middle cerebral artery occlusion (MCAO) in rats was established according to the method of Longa et al. (Longa et al., 1989). After fasting for 12 h before surgery, the rats were anesthetized by intraperitoneal injection of 10% chloral hydrate (350 mg/kg−1). The right common carotid artery, external carotid artery, and internal carotid artery were successively separated. The main external carotid artery was ligated and dissociated. When the nylon thread was inserted 18–20 mm from the bifurcation of the common carotid artery and there was slight resistance, the thread was stopped. After 2 h of ischemia, the thread was gently pulled out to restore blood perfusion. The external carotid artery was ligated and the skin was sutured. In the sham operated group, only a surgical incision was made and no wire plugs were inserted. It was assessed using the Zea Longa 5-point scale (Longa et al., 1989): 0 points–no neurological deficit; 1 points–when lifting the tail, it was seen that the left front paw could not be fully extended; 2 points–when lifting the tail, it was seen that the left front paw could not be fully extended and turned in a circle to the left; 3 points–it was seen that the rat rotated or tilted to the left when walking; 4 points–it was seen that the rat could not walk spontaneously and lost consciousness. Those with scores of 1–3 were included in the experiment, and those with scores of 0 or 4 were excluded.
ELISA
Blood was collected from the rat abdominal aorta and centrifuged at 2000 rpm/min for 15 min after 30 min at room temperature, and the serum was extracted. The relevant indexes were tested according to the Elisa kit procedure.
Immunohistochemistry
The brain tissue fixed in 4% paraformaldehyde solution was removed for paraffin-embedding and made into paraffin sections. The procedure was as follows: Dewaxing → hydration → antigen repair → normal serum sealing → drop addition of MPO and IBA-1 antibodies anti-Iba1 (abclonal, A1527, 1:100) and anti-Mpo (abclonal, A1374, 1:100) → DAB color rendering → redyeing → blue return → gradient alcohol dehydration → transparent sealing → the number and morphology of microglia and neutrophils were analyzed by microscopic observation.
Quantitative Real-Time PCR
Total RNA was extracted from each group of rat brain tissue according to the instructions of EZ-10 Total RNA Mini-Preps Kit (B618583, Sangon Biotech). Quantitative PCR primers were designed according to Primer Premier version 6.0 software, and reverse transcription was performed according to ABScript II RT Mix for qPCR with gDNA Remover (RK20403, Abclonal) reverse transcription kit. qPCR reactions were performed using a Biorad IQ5 real-time PCR instrument with 2× Universal SYBR Green Fast qPCR Mix (RK21203, Abclonal) in sybr green (Supplementary Table S1).
TABLE 1 | Primer sequence.
[image: Table 1]Western Blot
The rats were treated with the above method by Western blot. The left brain tissue was taken and put into a 5 ml enzyme-free centrifuge tube. Magnetic beads and RIPA solution containing PMSF were added, and the tissue was smashed with a tissue grinding instrument. The nuclear proteins were extracted according to the instructions of the nuclear protein and cytoplasmic protein extraction kit. According to the instructions of BCA Protein Assay Kit, determine the protein concentration of the sample, make a standard curve, calculate the protein concentration, add the corresponding SDS Protein Loading Buffer, mix well and heat in a metal bath thermostat at 100°C for 10 min, and place on ice. The proteins were separated by SDS-PAGE gel electrophoresis, then transferred to PVDF membrane and closed at room temperature for 2 h using 5% skimmed milk powder. The PVDF membrane was added to TBST and washed 3 times for 8 min each. Add the corresponding primary antibody, the membrane was incubated overnight at 4°C with primary antibodies including anti-Actb (abclonal, AC038, 1:10000), anti-Iba-1 (abclonal, A1527, 1:500), anti-Mpo (abclonal, A1374, 1:1000), anti-Tnfa (abclonal, A0277, 1:1000), anti-Rip1 (abclonal, A7414, 1:1000), anti-Rip3 (abclonal, A12996, 1:1000), anti-Mlkl (A5579, 1:1000) and wash the membrane 3 times with TBST for 8 min each time the next day. The PVDF membranes were then incubated with the secondary antibody (HRP Goat Anti-Rabbit IgG (H+L) (abclonal, AS014, 1:8000), and developed with enhanced chemiluminescence (ECL, beyotime, P0018AM). The PVDF membrane was put into the ultra-sensitive multifunctional imager, the developing solution was added, and the bands with different objectives were obtained by exposure after the reaction, and the protein grayscale values were analyzed by Image J software.
Statistical Methods
SPSS 20.0 software was used to statistically analyze the data. Normally distributed measures were expressed as mean ± standard deviation (x ¯± s), and independent samples t-test was used for comparison between groups, paired t-test for comparison within groups, and one-way ANOVA was used for comparison of data between multiple groups. p < 0.05 was considered a statistically significant difference.
RESULTS
Neurological Deficit Score
Compared with the sham operation group, the neurological deficit score was significantly higher in the MCAO group (p < 0.01), indicating successful modeling, and the neurological deficit score was significantly lower in the MCAO+THSWD group compared with the MCAO group (p < 0.05), as shown in Figure 1.
[image: Figure 1]FIGURE 1 | Neurological score. Notes: #P<0.01 vs Sham operation group; **P<0.05 vs MCAO group.
THSWD Inhibited TNF-α, MCP-1, and IL-1β
Elisa results showed that the levels of TNF-α, Mcp-1 and IL-1β were significantly increased in the MCAO group compared with the sham operation group (p < 0.01), and the levels of TNF-α, Mcp-1 and IL-1β were significantly decreased in the MCAO+THSWD group compared with the MCAO group (p < 0.01), as shown in Figure 2. The qPCR results showed that TNF-α, Mcp-1, and IL-1β mRNA expressions were significantly increased in the MCAO group compared with the sham operation group (p < 0.01), and TNF-α, Mcp-1, and IL-1β mRNA expressions were significantly decreased in the MCAO+THSWD group compared with the MCAO group (p < 0.05, p < 0.01), as shown in Figure 3. It indicates that THSWD can inhibit the release of TNF-α, Mcp-1, and IL-1β inflammatory factors.
[image: Figure 2]FIGURE 2 | TNF-α, MCP-1, and IL-1β were detected by ELISA. Notes: #P<0.01 vs Sham operation group; *P<0.01 vs MCAO group.
[image: Figure 3]FIGURE 3 | mRNA expression of TNF-α, MCP-1, and IL-1β. Notes: #P<0.01 vs Sham operation group; *P<0.01, **P<0.05 vs MCAO group.
THSWD Inhibited IBA-1 and MPO
IBA-1 levels are used to assess microglial activation in brain tissue (Chen et al., 2018). MPO levels are used to assess neutrophil infiltration (Yu et al., 2018.). The qPCR results showed that the mRNA expressions of IBA-1 and MPO significantly increased in the MCAO group compared with the sham operation group (p < 0.01); compared with MCAO group, the mRNA expression of IBA-1 and MPO in the MCAO + THSWD group decreased significantly (p < 0.01), as shown in Figure 4. The results of Western blot showed that the protein expression of IBA-1 and MPO in the MCAO group significantly increased compared with the sham operation group (p < 0.05). Compared with the MCAO group, the expression of IBA-1 and MPO protein in the MCAO + THSWD group decreased significantly (p < 0.05), as shown in Figures 5, 6.
[image: Figure 4]FIGURE 4 | mRNA expression of IBA-1 and MPO. Notes: #P<0.01 vs Sham operation group; *P<0.01 vs MCAO group.
[image: Figure 5]FIGURE 5 | β-actin is an internal reference. The blacker the band, the higher the protein expression level.
[image: Figure 6]FIGURE 6 | Protein expression of IBA-1 and MPO Notes: ##P<0.05 vs Sham operation group; **P<0.05 vs MCAO group.
We next evaluated the activation status of microglia and the degree of neutrophil infiltration in brain tissue using IBA-1 and MPO. Immunohistochemical results (Figure 7) showed that microglia and neutrophils were mostly in a resting state in normal conditions; microscopic observation revealed that microglia and neutrophils were heavily activated and infiltrated in the ischemic parts of the brain of rats in the MCAO group, with increased numbers and larger cytosomes. There was an increased number of microglia and neutrophils in the same part of the rat brain compared to the sham operated group. After administration of THSWD treatment to MCAO model rats, microglia and neutrophil activation and infiltration at the ischemic site of the rat brain were significantly inhibited, and the number of IBA-1 and MPO positive cells was significantly reduced compared with the MCAO group. The results indicate that THSWD can inhibit the hyperactivation and infiltration of microglia and neutrophils at the ischemic site in the brain of MCAO model rats.
[image: Figure 7]FIGURE 7 | Expression of microglia and neutrophils in each group.
THSWD Inhibited the TNF-α/RIP1/RIP3/MLKL Pathway
TNF level is used to evaluate the expression of cellular inflammatory factors (Zhao and Zhang, 2021). The RIP1-RIP3-MLKL pathway is used to evaluate programmed apoptosis (Zhang et al., 2020). The qPCR results showed that the mRNA expression of TNF-α/RIP1/RIP3/MLKL significantly increased in the MCAO group compared with the sham operation group (p < 0.01); compared with the MCAO group, the mRNA expression of TNF-α/RIP1/RIP3/MLKL in the MCAO + THSWD group significantly decreased (p < 0.01), as seen in Figure 8. Western blot results showed that compared with the sham operation group, the expression of TNF-α/RIP1/RIP3/MLKL proteins significantly increased in the MCAO group (p < 0.05); compared with the MCAO group, the protein expression of TNF-α/RIP1/RIP3/MLKL in the MCAO + THSWD group significantly decreased (p < 0.05), seen in Figures 9, 10.
[image: Figure 8]FIGURE 8 | mRNA expression of TNF-α/RIP1/RIP3/MLKL. Notes: #P<0.01 vs Sham operation group; *P<0.01 vs MCAO group.
[image: Figure 9]FIGURE 9 | β-actin is an internal reference. The blacker the band, the higher the protein expression level.
[image: Figure 10]FIGURE 10 | Protein expression of TNF-α/RIP1/RIP3/MLKL Notes: ##P<0.05 vs Sham operation group; **P<0.05 vs MCAO group.
DISCUSSION
In this study, we demonstrated that THSWD alleviated cell necrosis and neuroinflammation after MCAO in rats. The following observations were made: 1) THSWD inhibited neutrophil infiltration, microglia activation, and cell necrosis in the ischemic area after MCAO; 2) by inhibiting the expression levels of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors and the TNF-α/RIP1/RIP3/MLKL pathway, the anti-inflammatory effect of THSWD was promoted and the release of TNF-α, IL-6, and other inflammatory factors was reduced. In summary, our results suggest that THSWD alleviates cell necrosis and neuroinflammation in MCAO by reducing the expression levels of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors and inhibiting the TNF-α/RIP1/RIP3/MLKL pathway.
More and more studies have shown that a variety of inflammatory cytokines, such as TNF-α, IL-1β, and IL-6, are released after cerebral ischemia, which can transform ischemic injury into inflammatory injury and promote the apoptosis and necrosis of nerve cells and the formation of brain edema (Fann et al., 2013). The inhibition of early inflammatory response can prevent further brain necrosis and improve cerebral nerve function (Duan et al., 2020). MPO is a marker of neutrophils activation, and the detection of MPO in brain tissue can reflect the degree of neutrophils infiltration and local inflammatory reaction (Zhang et al., 2017). It can effectively reduce the contents of TNF-α and MPO in brain tissue of rats with cerebral ischemia-reperfusion injury, which has a significant effect on brain protection (Lei et al., 2016). IBA-1 can specifically bind to microglia cells and is often used as a marker to identify microglia cells. When microglia cells are activated by chronic stress, their morphology changes and the expression of IBA-1 is upregulated (Waller et al., 2019). Consistent with these findings, THSWD reduced neutrophilic infiltration, microglia activation, and the amount of cell necrosis according to our results. Specifically, THSWD decreased and inhibited the protein expression of TNF-α (a marker of inflammation) and IBA-1 (a marker of microglia).
According to the literature, MCP-1 is a glycoprotein regulated by nuclear transcription factor-κB (NF-κB), which can be produced by mesangial cells stimulated by TNF-α (Sheryanna et al., 2007). Glycoprotein MCP-1 regulated by NF-κB not only promotes the migration, adhesion, and aggregation of inflammatory cells, but also has dual functions of inducing chemotaxis and activating monocytes to inflammatory sites (Chen et al., 2012). Chemokine ligand 1 (CXCL1), also known as GRO-α oncogene, is a member of the chemokine family (Cecchinato and Uguccioni, 2018). Originally found in melanoma, it is also expressed in macrophages, neutrophils, and epithelial cells. CXCL1 is mainly expressed and secreted by vascular endothelial cells, activated macrophages, and fibroblasts in peripheral tissues, while it is mainly expressed and secreted by neurons, microglia, oligodendrocytes, and activated astrocytes in brain tissues (Zhang et al., 2017). By recruiting neutrophils, CXCL1 activates neutrophils FGR and HCK (a member of the protein tyrosine kinase PTK family) and promotes the release of VEGF-A, thereby promoting angiogenesis in vivo (Scapini et al., 2004). The results of ELISA and qPCR showed that THSWD could inhibit the release of TNF-α, MCP-1, and IL-1β inflammatory factors.
Currently, there are many ways to induce programmed necrosis. Among these ways, the RIP1/RIP3/MLKL signaling pathway is the most typical one (Wang et al., 2019). RIP1/RIP3 is a key regulatory node of programmed necrosis, which is widely present in neurons (Zhou et al., 2017). Under the stimulation of death signal TNF and other stimulation, programmed cell death can be promoted through autophosphorylation (Xin et al., 2017; Huang et al., 2018). The expression level of RIP1/RIP3 was positively correlated with programmed cell necrosis. Inflammatory factors such as TNF-α and IL-6 are highly expressed in acute cerebral infarction, presenting as non-infectious inflammation (Fu et al., 2015). RIP1/RIP3 plays a key regulatory role in the radiation damage of central nervous tissue and inflammatory response of nervous tissue after vasospasm and ischemia (Das et al., 2016). MLKL is a key protein signaling molecule downstream of RIP3 in the TNF-α receptor-mediated programmed cell necrosis pathway. MLKL is a substrate for RIPK3 kinase in an inactive form. The C-terminal region of MLKL contains the kinase domain, and the N-terminal region contains the 4-helix domain. Activation of MLKL kinase depends on RIPK3-induced residual phosphorylation of the kinase domain (Qian and Sun, 2021). When phosphorylated, RIPK3 binds to MLKL’s 4HBD, thereby transforming MLKL from an inactive monomer structure to an active oligomer structure. Activated RIPK1 and RIPK3 recruit and phosphorylate MLKL and activate downstream signal transduction pathways to perform programmed cell necrosis (Zhao et al., 2012). Activation of MLKL kinase is considered to be an important link in the execution of programmed cell necrosis (Fang et al., 2019). According to the results of this paper, it can be obtained that THSWD can reduce brain injury after MCAO in rats by inhibiting the TNF-α/RIP1/RIP3/MLKL pathway and inhibiting programmed cell necrosis.
Our study showed that THSWD could reduce cell necrosis and neuroinflammation by inhibiting the expression levels of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors as well as inhibiting the TNF-α/RIP1/RIP3/MLKL pathway. However, our results do not completely rule out the alternative pathways that regulate the inflammasome pathway. Therefore, further studies need to investigate the relationship of other inflammatory activators to rule out or include alternative pathways.
CONCLUSION
In conclusion, our results suggest that THSWD can inhibit neutrophil infiltration, microglia activation, and cell necrosis in the ischemic area after MCAO. Meanwhile, it can inhibit the expression levels of MCP-1, IL-1β, IBA-1, and MPO inflammatory factors, and inhibit the TNF-α/RIP1/RIP3/MLKL pathway. Finally, it can reduce cell necrosis and neuroinflammation. This study supports continued research where THSWD is used as a potential treatment for patients with ischemic stroke.
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Background/Aims: SMG9 participates in the nonsense-mediated mRNA decay process that degrades mRNA harboring nonsense mutations introduced either at the level of transcription or RNA processing. However, little is known about the role of SMG9 in hepatocellular carcinoma (HCC). The objective of this research was to clarify the effects of SMG9 expression on HCC progression.
Methods: Microarray data were acquired from NCBI Gene Expression Omnibus (GEO) and The Cancer Genome Atlas (TCGA) database to bioinformatically analyze the differential expression of SMG9 between HCC patients and normal controls. SMG9 mRNA level was measured in sixteen sets of fresh tumor tissues and adjacent non-cancerous liver tissues (ANLTs) via reverse transcription-quantitative polymerase chain reaction (RT-qPCR). SMG9 protein expression was analyzed in ninety-five sets of paired formalin-fixed and paraffin-embedded tissue specimens by immunohistochemistry (IHC). In addition, clinicopathological features of SMG9 in HCC were checked. For in vitro studies, small interfering RNA (siRNA) was used to silence SMG9 expression for exploring biological functions and underlying mechanisms of SMG9 in SMMC-7721 and HepG2.
Results: We found that SMG9 was upregulated in HCC tissues and SMG9 levels were closely related to TNM stage, tumor number and tumor size. Cox regression and Kaplan–Meier proportional hazards analyses showed that high expression of SMG9 was associated with poor patient survival. Furthermore, proliferation, apoptosis resistance, migration and invasion of both SMMC-7721 and HepG2 cells were suppressed by SMG9 inhibition. In addition, EMT and the Wnt/β-catenin signaling pathway were involved in SMG9-mediated HCC progression.
Conclusions: SMG9 may serve as a potential novel prognostic biomarker and therapeutic target in HCC patients.
Keywords: SMG9, hepatocellular carcinoma, EMT, prognostic biomarker, therapeutic target
INTRODUCTION
Hepatocellular carcinoma (HCC), as the principal histological type of liver cancer, comprises the great majority of liver cancer diagnoses and deaths (Arnold et al., 2020). The risk factors underlying HCC are highly variable, inducing genomic alterations, epigenetic changes and gene mutation, finally leading to HCC progression (Ding et al., 2019). To date, great efforts have been made in understanding the pathogenesis of HCC, and several preventive and therapeutic treatments have been applied in the management of HCC (Llovet et al., 2021). Unfortunately, the overall prognosis of HCC still remains dismal (Bray et al., 2018; McGlynn et al., 2021). Thus, discovering new prognostic biomarker and therapeutic target are still urgently needed to monitor the progression of HCC and improve the clinic outcomes of HCC.
The poor outcome of HCC is mainly due to its complexities, reoccurrence after surgical resection, metastasis and heterogeneity (Forner et al., 2018; Kabashima et al., 2021; Llovet et al., 2021; McGlynn et al., 2021). Recent studies have shown that communications between tumor cells and tumor microenvironment (TME) play key roles in promoting tumor progression (Sukowati et al., 2015; Lu et al., 2019). Among all the stromal cells in TME, cancer-associated fibroblasts (CAFs) are the major types to support and regulate tumor cell proliferation, apoptosis, migration, invasion, angiogenesis, immune escape, and drug resistance (Hernandez-Gea et al., 2013; Yin et al., 2018). CAFs are composed of a heterogeneous group of activated fibroblasts with different cellular origins (Yin et al., 2019). Tumor cells undergo the epithelial-mesenchymal transformation (EMT) is one of the well-established sources of CAFs in the TME (Giannelli et al., 2016). Therefore, targeting CAFs by reducing the EMT is an ideal strategy in suppressing tumor progression. However, there is no satisfied and efficient biomarker that could be used as the therapeutic target for inhibiting EMT in HCC progression.
Early HCC-related studies mainly focused on molecules derived from either transcriptomics or proteomics due to their central roles in the regulation of biological processes (Pei et al., 2009). In clinics, proteomic markers, such as alpha-fetoprotein (AFP) and des-gamma-carboxy prothrombin (DCP), are widely used diagnostic markers for HCC (Kanwal and Singal, 2019). However, their sensitivity and specificity remain limited. Recently, increasing evidences indicate that post-transcriptional modifications and remodeling also play key roles in regulating tumor progression, as cancers often exhibit abnormal transcription and mRNA processing (Lombardi et al., 2020). Nonsense-mediated decay (NMD) is a post-transcriptional surveillance mechanism that recognizes and degrades mRNAs containing premature translation termination codons (PTCs) to ensure the fidelity and accuracy of process from transcription of genetic information to protein synthesis (Yamashita et al., 2009). To date, the core factors involved in the NMD have been identified, and SMG9 is one of them (Fernandez et al., 2011). SMG9 is a 520-amino acid protein that contains a nucleotide triphosphatase domain in the center (Fernandez et al., 2011). SMG9 supports and stabilizes the SMG1 complex (SMG1C) formation by binding to SMG1 and SMG8, and involves in PTCs recognition, a key step for degradation of a PTC-containing mRNA (Deniaud et al., 2015). It has been well documented that cells cannot recognize transcripts containing PTCs with loss-of-function mutations of SMG9(Shaheen et al., 2016), suggesting the pivotal role of SMG9 in post-transcriptional regulation and surveillance. In addition, SMG9 deficiency has been reported to exhibit extensive transcriptional disorders and a number of malformations in human (Lecoquierre et al., 2019; Alzahrani et al., 2020). However, whether and how SMG9 involves in the initiation and progression of HCC remains unknown. Given the importance that SMG9 and NMD play in post-transcriptional regulation and surveillance, it is a valuable work to investigate the biological function of SMG9 in HCC.
In this study, we have demonstrated that SMG9 significantly increased in the tissues of HCC compared with the adjacent non-cancerous liver tissues (ANLTs), and high expression of SMG9 was associated with poor prognosis in the HCC patients. Functionally, SMG9 significantly promoted cell proliferation, cell cycle progression, apoptosis resistance, invasion and migration of HCC cell line. Mechanically, these processes might be driven by EMT and the Wnt/β-catenin signaling pathway. To sum up, our findings suggest that SMG9 is both a new promising prognostic biomarker and specific therapeutic target for HCC.
MATERIALS AND METHODS
Specimen Collection
The liver tissues for this study were obtained from HCC patients who had undergone hepatectomy at The Affiliated Hospital of Yangzhou University (Yangzhou, China) from July 2013 to December 2014. Patient clinical characteristics are shown in Table 1. None of these patients were treated with chemotherapy or preoperative radiotherapy. All the patients were followed up until December 2020. All tissue specimens were made anonymously in accordance with legal and ethical standards. Fresh tumor tissue specimens were frozen in liquid nitrogen immediately after resection and kept at −80°C. In our study, overall survival (OS) is defined as the time from surgical operation to death or final contact for any reason, and disease free survival (DFS) is regarded to be the time from surgical operation to the first recurrence/metastasis of tumor or death due to any cause (Hou et al., 2019). Patients alive without tumor metastasis and recurrence were censored at the time of last follow-up.
TABLE 1 | Correlations between SMG9 expression and clinical characteristics of HCC patients.
[image: Table 1]High-Throughput Sequencing Data Analysis
We acquired HCC expression data from the Gene Expression Omnibus (GEO; http://www.ncbi.nlm.nih.gov/geo) and The Cancer Genome Atlas (TCGA; https://portal.gdc.cancer.gov/) database. The datasets GSE14520, GSE6764, GSE45436 and GSE51401 were downloaded from the GEO database (Wurmbach et al., 2007; Roessler et al., 2010; Wang et al., 2013). All data were transformed via log2 and analyzed using GraphPad Prism 7 and EdgeR software (packages for quasi-likelihood testing, generalized linear model, exact testing, empirical Bayes estimation, and negative binomial distribution). Overexpression of SMG9 is defined as a higher level of SMG9 expression in tumor tissues than that in normal tissues and the difference is statistically significant at p value <0.05. Genes were considered as differential expression genes at a p value <0.05 together with a Log fold change (Log FC)≤ −1.0 or ≥1.0.
Immunohistochemistry
Paired formalin-fixed, paraffin-embedded tissue specimens from ninety-five cases of HCC were used for SMG9 immunohistochemistry (IHC) studies. HCC sections were deparaffinized with xylene and rehydrated in graded concentrations of ethanol. For antigen retrieval, sections were heated in a microwave oven for 15 min in 0.01 M citric saline (PH = 6.0). After incubating with 3% aqueous solution of hydrogen peroxide (H2O2) for 25 min in the dark, sections were further blocked in 5% goat serum (Beyotime, Shanghai, China) for 30 min at room temperature. Then sections were incubated with primary antibody against SMG9 (1:100; Abcam, Cambridge, United Kingdom) overnight at 4°C. Next day, after washing with phosphate buffered saline (PBS), the HCC sections were incubated with secondary antibody (Gene Tech, China) at room temperature for 30 min. The expression level of SMG9 in the tissues was visualized by diaminobenzidine (DAB) (Gene Tech, China) staining and re-dyed with hematoxylin for 5 min. Finally, the sections were sealed with neutral gum and photographed under a light microscope (Leica, Germany). Specimens were visually scored based on staining intensity (0, no staining; 1, slightly more yellow than the context; 2, yellow-brown; 3, brown) and percentage of positive cells (0, 0–5%; 1, 6–25%; 2, 26–50%; 3, 51–75%; 4, >75%).
The IHC score was calculated as follows: total score = staining intensity score × percentage of positive cell score. Four classifications were used: 0, negative (−) staining; 1–4, weak positive (+) staining; 5–8, positive (++) staining; 9–12, strong positive (+++) staining.
RNA Extraction and Reverse Transcription-Quantitative Polymerase Chain Reaction
TRIzol reagent (Invitrogen, NY, United States) was used to extract total RNA according to the manufacturer’s instructions. An SYBR Green PCR Master Mix (Takara, Kyoto, Japan) was used to perform reverse transcription-quantitative polymerase chain reaction (RT-qPCR). The primers for SMG9 were as follows: anti-sense, 5′-TGC​AGC​CAT​GAT​ATG​AGC​GTC-3′; sense, 5′-GGA​TGA​ACA​GGC​TCT​ATT​AGG​GC-3′ (Servicebio Technology, Wuhan, China). GAPDH was used as an internal control, and the primers for GAPDH were as follows: reverse primer, 5′-ACA​CCA​TGT​ATT​CCG​GGT​CAA​T-3′; forward primer, 5′-TGT​GGG​CAT​CAA​TGG​ATT​TGG-3′ (Servicebio Technology, Wuhan, China). The relative mRNA expression levels of SMG9 were quantified by the 2−ΔΔCt method. The RT-qPCR experiments were performed in triplicate and independently repeated three times.
Cell Culture
SMCC-7721 and HepG2 human HCC cell lines were acquired from the American Type Culture Collection (ATCC, Manassas, VA) and grown in DMEM supplemented with 10% fetal bovine serum (FBS) containing 1% antibiotics (streptomycin and penicillin) at 37°C in a 5% (v/v) CO2 humidified environment.
RNA Interference
SMMC-7721 and HepG2 cells were seeded in six-well plates at a density of 1 × 105/ml before transfecting with a 50 nM concentration of small interfering RNAs (siRNAs) targeting SMG9 (Ribobio, Guangzhou, China) and negative control (NC) siRNA (Ribobio, Guangzhou, China). Transfection was performed using Lipofectamine™ 3,000 (Invitrogen, California, United States) referring to the instructions. The siRNA sequences are as follows:
• siRNA-1: GCA​CTT​CCG​TCA​TGC​AGA​A
• siRNA-2: GGA​GCC​AAG​TGA​TGT​CCA​T
• siRNA-3: ACA​CGA​TCC​TCA​CCG​AGA​A
Western Blotting
Cells were harvested and total protein was extracted using radioimmunoprecipitation assay (RIPA) buffer (Fdbio science, Hangzhou, China) supplemented with phenylmethanesulfonyl fluoride (PMSF) (Fdbio science, Hangzhou, China), protease inhibitor (Fdbio science, Hangzhou, China), and phosphatase inhibitor (Fdbio science, Hangzhou, China). Protein concentration was determined by BCA protein quantitation assay (KeyGen Biotech, Nanjing, China). Thirty micrograms of protein from each sample was separated with 10% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto polyvinylidene fluoride (PVDF) membranes (Roche, Switzerland). To prevent antibody binding to non-specific epitopes, blocking was performed with 5% bovine serum albumin (BSA) in Tris-buffered saline with 0.1% Tween 20 (TBST) for 1 h at room temperature. Then, the samples were incubated overnight at 4°C with the primary antibodies, including anti-SMG9 (1:1,000; Abcam, Cambridge, United Kingdom), anti-E-cadherin (1:1,000; Cell Signaling Technology, MA, United States), anti-Vimentin (1:1,000; Cell Signaling Technology, MA, United States), anti-N-cadherin (1:1,000; Cell Signaling Technology, MA, United States), anti-β-catenin (1:1,000; Cell Signaling Technology, MA, United States), anti-MMP2 (1:1,000; Abcam, Cambridge, United Kingdom), anti-MMP9 (1:1,000; Abcam, Cambridge, United Kingdom), anti-PCNA (1:1,000; Abcam, Cambridge, United Kingdom), anti-Bax (1:1,000; Abcam, Cambridge, United Kingdom), anti-Bcl-2 (1:1,000; Abcam, Cambridge, United Kingdom), and anti-GAPDH (1:1,000; Bioss, Beijing, China). The next day, membranes were washed with TBST and incubated with the suitable secondary antibody (1:5,000; Cell Signaling Technology, MA, United States). Samples were then washed three times with TBST for 5 min, and the target proteins on the membranes were visualized using Immobilon Western Chemiluminescent HRP Substrate (Millipore, MA, United States).
CCK8 Assay
A CCK8 (Cell Counting Kit-8; Dojondo, Tabaru, Japan) assay was used to measure the cell proliferation. The cells were seeded in 96-well plates at a density of 1 × 104 cells per well. The absorbance of wells at 450 nm (reference wavelength, 650 nm) was measured at 0, 24, 48, and 72 h after siRNA transfection with a microplate reader (BioTek EPOCH, United States). Each experiment was performed in triplicate, and the data were presented as mean ± standard deviation (SD).
EdU Assay
Cell proliferation was detected by using BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 594 (Beyotime, Shanghai, China) according to the manufacturer instructions. In brief, the SMG9 NC- or SMG9 siRNA-transfected SMMC-7721 and HepG2 cells were cultured in 96-well plates with 1 × 104 cells/well, respectively. After 24 h of culture, the cells were labeled with 20 μM EdU for 2 h at 37°C, and then rinsed twice at room temperature in PBS. After labeling, the cells were fixed with 4% paraformaldehyde, permeabilized with 0.3% Triton X-100, incubated with 50 μl Click Additive Solution for 30 min protecting from light, and stained with 50 μl Hoechst 33,342 (Sigma-Aldrich, St. Louis, United States) for 15 min. Images were taken under a fluorescence microscopy (Leica, Germany) and the percentage of EdU-positive cells was calculated. The experiments were performed at least three times.
Gene Set Enrichment Analysis
Gene expression data was obtained from TCGA database. To further identify pathways/gene sets associated with SMG9, the data was used to perform gene set enrichment analysis (GSEA). For GSEA, the expression of each gene on the rank list is weighted based on its Log FC. GSEA software (version: 4.1.0) was downloaded from broad institute (Subramanian et al., 2005) through the following link: http://software.broadinstitute.org/gsea/downloads.jsp.
Cell Cycle Analysis
Cell cycle was analyzed using flow cytometry by measuring DNA content of cells with the Cell Cycle Detection Kit (KeyGen Biotech, Nanjing, China) assay. The experimental procedures were in line with the manufacturer’s instructions. SMMC-7721 and HepG2 cells in the logarithmic growth phase (1 × 105/ml) were seeded in six-well plates. Then, SMG9 NC or SMG9 siRNA was transfected into SMMC-7721 and HepG2 cells with Lipofectamine™ 3,000. After 48 h in culture, the cells were harvested with 0.25% trypsin-EDTA (Invitrogen, Carlsbad, CA, United States) and centrifuged at 1,200 rpm for 5 min. Cells were then washed twice with cold PBS and fixed overnight in pre-cooled 70% ethanol at 4°C. The next day, ethanol was removed by centrifugation and cells were washed twice with cold PBS and incubated with 500 μl working solution of propidium iodide (PI)/RNase A at a volume ratio of 9:1 at 4°C for 30 min away from light. After that, the cell cycle was analyzed using BD FACS Calibur (BD Biosciences).
Flow Cytometry
An Annexin V-FITC Apoptosis Kit (KeyGen Biotech, Nanjing, China) was used to analyze cell apoptosis according to the manufacturer’s instructions. SMMC-7721 and HepG2 cells of logarithmic growth phase (1 × 105/ml) were seeded in six-well plates. Then, SMG9 NC or SMG9 siRNA was transfected into SMMC-7721 and HepG2 cells with Lipofectamine™ 3,000. Forty eight hours post-transfection, all cells (including cells in the supernatant) were harvested with trypsin without EDTA (Beyotime, Shanghai, China) and centrifuged at 1,200 rpm for 5 min. After washing with cold PBS twice, the cells were resuspended in 500 μl binding buffer and incubated with 5 μl Annexin V- FITC and 5 μl PI at room temperature for 15 min in the dark. Then, the samples were analyzed on a flow cytometer (BD FACS Calibur System; BD, United States).
Scratch Wound Healing Assay
The SMG9 NC-or SMG9 siRNA-transfected SMMC-7721 and HepG2 cells were placed in six-well plates at a density of 1 × 106/ml respectively and incubated at 37 °C with 5% (v/v) CO2 until they reached 100% confluence. The monolayer was scratched with a sterile 10 µl pipette tip. After washing away cell fragments, the cells were cultured with serum-free DMEM and photographed under a light microscope (Leica, Germany) at 0 h (H0), 24, 48 and 72 h (H) after scratch was made. The distance between the two edges of the scratch was measured and data were presented as migration rate. The formula used for the calculation of the cell migration rate was as follows: migration rate (%) = (1-H cell migration distance/H0 cell migration distance) × 100%.
Transwell Migration Assay
Cell migration was determined by transwell chambers (Corning, NY, United States) migration assay. The SMG9 NC- or SMG9 siRNA-transfected SMMC-7721 and HepG2 cells (1 × 105 cells) were plated in the upper chamber in 200 uL serum-free DMEM. The bottom chamber of the transwell system was filled with 500 uL DMEM containing 20% FBS. After incubation for 24 h, the non-migrating cells on the upper side of the membrane were carefully removed using a cotton swab, while the migrated cells attached to the bottom side of the membrane were fixed with 4% paraformaldehyde for 30 min and colored with 0.1% crystal violet. The stained cells were then washed 2–3 times (5 min each time) with PBS, visualized and counted in five random fields under the microscope (Leica, Germany). All experiments were repeated three times, independently.
Transwell Invasion Assay
Cell invasion was evaluated by transwell assay using BD BioCoat Matrigel invasion chambers (BD Biosciences, MA, United States). Transwell chambers were placed in a sterile 24-well culture plate initially. The SMG9 NC- or SMG9 siRNA-transfected SMMC-7721 and HepG2 cells were seeded in the upper chamber in 200 uL serum-free DMEM at a density of 1 × 105/ml. At the same time, 500 µl of DMEM supplemented with 20% FBS was added to the bottom chamber. After 48 h of incubation in a 5% (v/v) CO2 incubator at 37°C, the matrigel and noninvasive cells on the upper surface of the filters were removed, and then the filters were fixed with 70% methanol and stained with 0.1% crystal violet. Finally, the number of invasive cells was quantified by counting five randomly selected fields under the microscope (Leica, Germany). The experiments were carried out three times independently and data were presented as mean ± SD.
Statistical Analysis
Statistical analyses were conducted using SPSS software version 23.0 (IBM, Armonk, New York). Depending on the character of the data, Students t test was used for intergroup comparisons of numerical variables, and Fisher’s exact test was used for comparisons of categorical variables. The influence of different prognostic elements on OS and DFS of HCC patients was evaluated by Kaplan-Meier analysis and Cox regression. Two-tailed p values <0.05 were considered as statistically significant.
RESULTS
SMG9 Is Upregulated in Human Hepatocellular Carcinoma Tissues Compared With Adjacent Non Cancerous Liver Tissues
Data from TCGA and GEO (GSE14520, GSE6764, GSE45436, and GSE51401 datasets) were used for gene expression analysis. SMG9 expression was found to be significantly increased in the HCC tissues compared with that in the corresponding normal tissues, and the findings are shown in Figures 1A–E. IHC staining of 95-paired tissues showed that SMG9 expression was significantly higher in HCC tissues than in the ANLTs (Figure 1F). In addition, the mRNA expression of SMG9 was confirmed by RT-qPCR, showing that SMG9 was upregulated in 16 sets of fresh HCC tissues in contrast with ANLTs (Figure 1G). The relationships between SMG9 expression and clinical characteristics of HCC patients were showed in Table 1. The expression level of SMG9 was significantly associated with tumor number (p = 0.014), tumor size (p = 0.015), and TNM stage (p = 0.025). These findings indicate that SMG9 is upregulated in human HCC tissues and is correlated with worse clinicopathology features of HCC patients.
[image: Figure 1]FIGURE 1 | SMG9 is upregulated in HCC tissues compared with ANLTs. SMG9 was highly expressed in HCC tissues compared to normal tissues according to analysis of data from TCGA (A; tumor, n = 369; normal, n = 50) and GEO (B–E; GSE14520, tumor, n = 225; normal, n = 220; GSE6764, tumor, n = 35; normal, n = 40; GSE45436, tumor, n = 93; normal, n = 41; GSE51401, tumor, n = 32; normal, n = 32). (F) The IHC staining of SMG9 in human HCC tissues and ANLTs. (G) RT-qPCR analysis of SMG9 expression in 16 pairs of HCC tissues and corresponding ANLTs. All: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
SMG9 Expression Is Correlated With Poor Prognosis in Human Hepatocellular Carcinoma
To determine the prognostic value of SMG9, Kaplan–Meier survival analysis was carried out for 95 HCC cases, the results are shown in Figures 2A,B. High SMG9 expression was associated with poor OS and DFS. Cox proportional hazards analysis for 364 HCC cases from the TCGA database showed that patients with higher SMG9 expression had poorer prognosis (Figures 2C,D). To further validate the results, Kaplan-Meier survival curves of OS and DFS generated from Kaplan-Meier plotter (Nagy et al., 2021) for high- and low-SMG9 expression groups also showed the same results (Figures 2E,F). Multivariate analysis showed that SMG9 expression was an independent prognostic factor for OS [hazard ratio (HR) = 3.326, 95% confidence interval (CI): 1.644–6.731, p = 0.001] (Table 2) and DFS (HR = 3.661, 95% CI: 1.797–7.461, p < 0.001) (Table 3). In general, the results suggest that high SMG9 expression is correlated with poor prognosis in human HCC.
[image: Figure 2]FIGURE 2 | SMG9 expression is correlated with poor prognosis in human HCC. OS (A) and DFS (B) curves in 95 patients with HCC stratified by SMG9 expression. OS (C) and DFS (D) analysis of TCGA. Kaplan-Meier survival curves of OS (E) and DFS (F) generated from Kaplan-Meier plotter for high- and low- SMG9 expression groups.
TABLE 2 | Univariate and multivariate Cox regression analysis of risk factors associated with OS.
[image: Table 2]TABLE 3 | Univariate and multivariate Cox regression analysis of risk factors associated with DFS.
[image: Table 3]SMG9 Promotes Proliferation of Hepatocellular Carcinoma Cells
To explore the function of SMG9 in HCC, we transfected SMMC-7721 and HepG2 cell lines with three siRNAs (siRNA-1, siRNA-2, and siRNA-3) targeting the coding sequence of SMG9 and negative control (NC) siRNA. Western blotting showed that protein expression of SMG9 was markedly decreased in SMG9 siRNA-transfected cells compared with that in control cells (Figure 3A). CCK8 assay was applied to investigate the effect of SMG9 on cell proliferation. We observed that cell proliferation was significantly inhibited in both SMMC-7721 and HepG2 cell lines at 24, 48 and 72 h after SMG9-siRNA transfection as compared to the control group (Figures 3B,C). Next, the function of SMG9 on HCC cell proliferation was detected by EdU staining. The results showed that the proliferation of SMMC-7721 and HepG2 cells was significantly reduced in SMG9 siRNA group as compared to SMG9 NC group (Figure 3D). Furthermore, we found that PCNA (cell proliferation marker) expression was significantly reduced after SMG9 siRNA transfection (Figure 3E). Collectively, these data indicate that inhibition of SMG9 attenuates HCC cell proliferation.
[image: Figure 3]FIGURE 3 | Silence of SMG9 attenuates HCC cell proliferation. (A) Knockdown efficiency of SMG9 siRNA was determined by western blotting. (B,C) Effects of SMG9 on cell proliferation was evaluated by CCK8 assay in siRNA-transfected SMMC-7721 and HepG2 cells. (D) Cell proliferation was determined by the EdU assay in SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA. Images were captured on an inverted fluorescence microscope. (E) The protein expression level of PCNA was measured by western blotting analysis in SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA. Data were presented as the mean ± SD of three independent repeats of the experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
Knockdown of SMG9 Induces Cell Cycle Arrest and Apoptosis in Hepatocellular Carcinoma Cells
Since cell cycle and apoptosis are tightly associated with cell proliferation, we then determine whether SMG9 could affect cell cycle and apoptosis in HCC cells (Teng et al., 2008; Zheng et al., 2019). To understand whether SMG9 affected the cell cycle progression, GSEA was performed using high-throughput RNA-sequencing data of the TCGA database. As shown in Figure 4A, cell cycle was significantly associated with SMG9 in HCC. Then, flow cytometry was used to assess the effect of SMG9 on cell cycle. SMG9 siRNA transfection markedly increased the percentage of cells in the G0/G1 phase and decreased the percentage of cells in the S phase of HepG2 and SMMC-7721 cells as compared to the NC group (Figures 4B,C). Meanwhile, the role of SMG9 in regulating cell apoptosis was also evaluated by flow cytometry, and the results showed that knockdown of SMG9 increased the percentage of apoptosis cells in HepG2 and SMMC-7721 cells (Figures 4D,E). Additionally, western blotting results showed that Bax protein level was increased and Bcl-2 protein level was decreased in SMMC-7721 and HepG2 cells after knockdown of SMG9 (Figure 4F). Taken together, our data reveal that SMG9 siRNA induces G0/G1 phase cell cycle arrest and cell apoptosis in HCC cells.
[image: Figure 4]FIGURE 4 | SMG9 siRNA induces G0/G1 phase cell cycle arrest and apoptosis in HCC cells. (A) GSEA analysis showed that cell cycle was significantly associated with SMG9 in HCC based on TCGA datasets. (B,C) Knockdown of SMG9 arrested cell cycle at G0/G1 phase in SMMC-7721 and HepG2 cells. (D,E) Cell apoptosis of SMMC-7721 and HepG2 cells transfected with siRNA NC or siRNA SMG9 was measured by flow cytometry. (F) Bax and Bcl-2 protein expression levels were measured by Western blotting in SMMC-7721 and HepG2 cells transfected with siRNA NC or siRNA SMG9. Data were presented as the mean ± SD of three independent repeats of the experiments. **p < 0.01, ***p < 0.001, ****p < 0.0001.
SMG9 Promotes Migration and Invasion of SMMC-7721 and HepG2 Cells
To determine the effect of SMG9 on cell motility, scratch wound healing assay along with transwell migration assay were employed. As a result, cell migration capacity was significantly decreased by treatment with SMG9 siRNA in both SMMC-7721 and HepG2 cells compared with control cells at 24, 48 and 72 h (Figures 5A,B). In the transwell invasion experiments, downregulation of SMG9 significantly reduced the invasive capacity of both SMMC-7721 and HepG2 cells (Figure 5C). In addition, MMP2 and MMP9 protein expression levels were assessed by western blotting, as both MMP2 and MMP9 play key roles in regulating cell migration (Muscella et al., 2020). We observed that both MMP2 and MMP9 expression were significantly down-regulated after transfecting with SMG9 siRNA in SMMC-7721 and HepG2 cells (Figure 5D). Thus, these results suggest that downregulation of SMG9 represses migration and invasion of SMMC-7721 and HepG2 cells.
[image: Figure 5]FIGURE 5 | Downregulation of SMG9 represses migration and invasion of SMMC-7721 and HepG2 cells. (A,B) Scratch wound-healing assay and transwell migration assay were applied to determine cell migratory capability of SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA. (C) Transwell invasion assay was conducted to assess the effects of SMG9 knockdown on the invasive potential of SMMC-7721 and HepG2 cells. (D) Levels of MMP2 and MMP9 were measured by western blotting in SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA, respectively. Data were presented as the mean ± SD of three independent repeats of the experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
SMG9 Facilitates the EMT Process and Activates Wnt/β-Catenin Signaling Pathway in Hepatocellular Carcinoma Cells
EMT has been recognized as an important step toward high invasion and metastasis of many cancers including HCC (Jia et al., 2021). To investigate the role of SMG9 in EMT, we knocked down SMG9 in SMMC-7721 and HepG2 cells using siRNA specific SMG9, and the relative proteins of EMT were detected by western blotting. The results showed that the expression level of E-cadherin was significantly increased, however, the expression levels of vimentin and N-cadherin were significantly reduced upon SMG9 knockdown (Figure 6A). The activation of Wnt/β-catenin signaling pathway is closely related to tumor progression including proliferation, apoptosis, invasion, and migration (Li et al., 2021). To investigate whether Wnt/β-catenin was implicated in the progression of HCC, β-catenin protein level was detected in SMG9 NC or SMG9 siRNA-transfected SMMC-7721 and HepG2 cells. SMG9 siRNA markedly reduced the expression level of β-catenin as compared to the control group (Figure 6B). In summary, these findings demonstrate that SMG9 promotes the process of EMT and activates Wnt/β-catenin signaling pathway in HCC cells.
[image: Figure 6]FIGURE 6 | SMG9 promotes the process of EMT and activates Wnt/β-catenin signaling pathway in HCC cells. (A) The protein expression levels of E-cadherin, N-cadherin, and Vimentin were measured by western blotting in SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA, respectively. (B) The level of β-catenin protein was detected by western blotting in SMMC-7721 and HepG2 cells transfected with SMG9 NC or SMG9 siRNA. Data were presented as the mean ± SD of three independent repeats of the experiments. ***p < 0.001, ****p < 0.0001.
DISCUSSION
In this study, we have investigated the expression level of SMG9 in HCC tissues and assessed the prognostic role of this gene for survival of HCC patients. We have identified that knockdown of SMG9 contributes to reduced cell proliferation, enhanced apoptosis, and decreased migration and invasion abilities. In addition, we have further demonstrated that EMT and the Wnt/β-catenin signaling pathway are involved in SMG9-mediated HCC progression.
According to GLOBOCAN 2020 (http://gco.iarc.fr/), HCC, with high incidence and mortality, is one of the most common malignant tumors in the world, especially in China. GEO and TCGA are public genomics data repositories of next-generation sequencing and high-throughput microarrays for many tumor types and tumor tissues. Here, microarray data from GEO and RNA sequencing data from TCGA were analyzed to investigate the relationship between SMG9 and HCC. Analysis revealed that the mRNA expression level of SMG9 was upregulated in HCC tissues than in normal tissues. Using RT-qPCR, we also found SMG9 expression was significantly higher in 16 sets of fresh HCC tissues than in ANLTs, in line with our gene analysis findings. Furthermore, the prognostic value of SMG9 was investigated. TCGA database-survival analysis showed that HCC patients with high SMG9 expression had significantly worse prognosis than those with low SMG9 expression. Consistent with the TCGA results, our studies using IHC staining, Kaplan-Meier analysis and Cox regression also showed that SMG9 protein expression in the histological specimens was strongly linked with clinicopathological characteristics and survival time of HCC patients. Collectively, all these results suggest that SMG9 is closely related to HCC and plays an important role in the progression of HCC.
SMG9 has been first defined as a participant in NMD since 2009, which directly binds SMG1 and SMG8, forming a stable SMG1–SMG8–SMG9 complex (Yamashita et al., 2009). As an essential component of the NMD, SMG9 plays a critical role in the NMD pathway (Yamashita et al., 2009; Fernandez et al., 2011; Zhu et al., 2019). Growing evidences have shown that NMD pathway is implicated in many biological processes including embryonic development, cell differentiation, stress responses and immune response (Nasif et al., 2018). Disruption of the NMD can lead to a plethora of human genetic diseases, including cancer (Lindeboom et al., 2019). Notably, NMD exerts dual effects in tumor progression (Nogueira et al., 2021). On one hand, tumors have exploited NMD to downregulate key tumor-suppressor gene expression, whereas on the other hand, adjusted NMD activity to adapt to their microenvironment (Popp and Maquat, 2018). NMD targets and regulates a wide variety of transcripts that are important for tumorigenesis, including proteins involved in cell cycle, cell growth, apoptosis, growth factor signaling, and cell migration (Wang et al., 2011). In this study, we have identified the role of SMG9, the key player in NMD, in the progression of HCC. Since sustaining proliferative signaling, resisting cell death, and activating invasion/metastasis are the basic hallmarks of cancer (Hanahan and Weinberg, 2011), we have analyzed the alteration of cell proliferation, apoptosis, migration and invasion by in vitro studies. First, CCK8 assay and EdU staining were used to explore the function of SMG9 on HCC cell proliferation. These results showed that SMG9 siRNA inhibit HCC cell proliferation. Subsequently, analysis of cell cycle phase distribution and apoptosis confirmed SMG9 siRNA induced cell cycle arrest at G0/G1 phase and apoptosis in HCC cells. Furthermore, migration and invasion assay showed that SMG9 promoted HCC cell migration and invasion. Taking together, all the above results indicate that SMG9 promotes HCC progression by promoting proliferation, cell cycle progression, apoptosis resistance, migration and invasion in HCC cells.
Mechanically, EMT is tightly related to not only invasion and metastasis but also proliferation (Chen et al., 2020). Meanwhile, there is a strong connection between EMT and HCC (Tong et al., 2020). The Wnt/β-catenin signaling pathway is involved in the development of various human cancers and one of the most well-characterized oncogenic pathway in HCC (Hoshida et al., 2009; Huang et al., 2019; Bi et al., 2020; Wang et al., 2020). A variety of key cellular processes including proliferation, apoptosis, migration and invasion are involved in the progression of HCC in a Wnt/β-catenin-dependent manner (Huang et al., 2020; Lin et al., 2020). Thus, the Wnt/β-catenin signaling pathway and EMT have potential value in the diagnosis and prognosis of HCC. In our study, SMG9 siRNA decreased the expression levels of Vimentin, N-cadherin, and β-catenin whereas increased the protein expression level of E-cadherin, indicating that SMG9 mediates HCC cell proliferation, apoptosis, migration and invasion via activating EMT and the Wnt/β-catenin signaling pathway.
In summary, our findings show that higher expression of SMG9 is predictive of a poorer prognosis in HCC patients and plays a crucial role in HCC progression via EMT and the Wnt/β-catenin signaling pathway. The molecular mechanisms of SMG9 promoting HCC cell proliferation, apoptosis, migration and invasion remain to be further elucidated in the future study. Recently, some researchers have reported that SMG9 positively regulates ferroptosis independent of its activity in NMD, implicating that SMG9 may has biological functions beyond NMD (Fernandez et al., 2011; Han et al., 2021). Accordingly, understanding the other potential functions of SMG9 during HCC progression is an attractive direction for future work, which will provide a new strategy for liver cancer prevention and treatment.
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Intestinal barrier dysfunction is characterized by increased intestinal permeability to lumen endotoxin, showing remarkable predisposition to immune enteropathy, and colorectal cancer tumor necrosis factor (TNF)-α is associated with this pathological process, while the mechanism remains unknown. In this study, different doses of TNF-α were used for Caco-2 cell treatment. We discovered that miR-21-3p expression was obviously increased by TNF-α in a dose-dependent manner. Further study demonstrated that TNF-α could upregulate miR-21-3p expression through the NF-κB signaling pathway. Then, TargetScan and miRWalk miRNA–mRNA interaction prediction online tools were introduced, and metadherin (MTDH) was screened out as a potential target of miR-21-3p. We subsequently found that miR-21-3p could directly target the 3′-untranslated region (UTR) of MTDH mRNA and inhibit its expression. Furthermore, it was demonstrated that miR-21-3p could regulate the Wnt signaling pathway by targeting MTDH mRNA, suggesting the effect of miR-21-3p/MTDH/Wnt axis on intestinal barrier dysfunction. Our findings provide a novel potential biomarker and therapeutic target for intestinal barrier dysfunction and related diseases.
Keywords: TNF-α, miR-21-3p, MTDH, Wnt signaling pathway, intestinal barrier dysfunction
INTRODUCTION
As one of the most important barriers of the body, normal intestinal epithelial tissue forms a selectively permeable barrier that regulates the absorption of nutrients and resistance of toxins, antigens, and foreign microorganisms (Turner, 2009; Du et al., 2015). Injury of intestinal epithelial cells is often accompanied by increased permeability of epithelial cells to harmful stimulants, contributing to the occurrence and development of immune enteropathy, and even colorectal cancer (CRC) (Turner, 2009; Odenwald and Turner, 2013; Pang et al., 2021).
The maintenance of intestinal barrier function partly relies on the tight junctions (TJs) between adjacent epithelial cells (Farquhar and Palade, 1963; Li et al., 2021). Dysfunction of the intestinal barrier in patients with inflammatory bowel disease (IBD) is associated with disturbance in the expression or distribution of several TJ proteins, including occludin and claudins (Tsukita et al., 2001; Van Itallie and Anderson, 2006). For example, the decreased number of TJ chains or broken TJ chains obviously occur along with the alteration of the expression levels of occludin and claudins in intestinal tissues from patients with IBD (Hering, Fromm, and Schulzke, 2012). These changes lead to the damage of the intestinal barrier system, resulting in increased permeability of the intestinal wall and the risk of pathogen invasion.
Tumor necrosis factor (TNF)-α, as a proinflammatory cytokine, is a correlative factor that causes enteritis and other inflammatory lesions in patients with celiac disease (CD) (Dolinger et al., 2020; Targownik et al., 2020). Multiple studies have shown the overexpression of intestinal TNF-α in patients with CD (Braegger et al., 1992; Murch et al., 1993; Reibetanz and Germer, 2015; Paredes et al., 2019), and anti-TNF-α antibody therapy has been widely used to treat the patients with IBD (Ricart et al., 2000; Reibetanz and Germer, 2015). Anti-TNF-α antibody drugs also showed good efficacy in several intestinal inflammation animal models (Neurath et al., 1997). It is demonstrated that the high level of TNF-α results in the activation of immunoregulatory pathways by increasing intestinal epithelial permeability (Ma et al., 2004). Moreover, anti-TNF-α antibodies can reestablish intestinal barrier function in patients with CD, suggesting that intestinal barrier damage in patients with IBD is at least partially caused by TNF-α activity. Although the mechanism by which TNF-α affects TJ permeability remains unclear, we previously demonstrated that miR-21-3p was upregulated to increase the intestinal epithelial TJ permeability in the intestinal barrier dysfunction cell model (Zhang et al., 2015; Zhang et al., 2018). These findings indicate that miR-21-3p acts as a mediator linking TNF-α and intestinal barrier dysfunction, which promote us to explore the mechanism about miR-21-3p in intestinal barrier dysfunction.
Herein, miR-21-3p expression was identified to be regulated by the TNF-α/NF-κB signaling pathway, resulting in the downregulation of metadherin (MTDH) expression, which was a key mediator of the Wnt signaling pathway. These findings suggest that the miR-21-3p/MTDH/Wnt axis participates in intestinal barrier dysfunction and provide a better understanding of the pathological process of intestinal barrier dysfunction.
MATERIALS AND METHODS
Tissue Samples
Ten patients with colorectal cancer (CRC) in Jinshan Hospital were selected, and CRC tissue samples were obtained surgically. This study was approved by the Ethics Committee of the Jinshan Hospital.
Cell Culture
The Caco-2 cell line was obtained from the Chinese Academy of Sciences (CAS, Shanghai, China) and cultured in DMEM with 10% FBS (Gibco, NY, United States) at 37°C.
Cell Treatment and Transfection
Caco-2 cells were treated with TNF-α (Sigma, United States) at final concentrations of 0, 50, 100, and 150 ng/ml, respectively. In some experiments, Caco-2 cells were stimulated with parthenolide (p65 inhibitor, purchased from TOCRIS) at a final concentration of 5 μmol/L.
Caco-2 cells were transfected with miRNAs or plasmid using Lipofectamine 2000 reagent (Invitrogen). The miR-21-3p mimic (HmiR-SN0315), miR control (CmiR-SN0001-SN), miR-21-3p inhibitor (HmiR-AN0315-SN-10), and miR inhibitor control (CmiR-AN0001-SN) were purchased from FulenGen (Guangzhou, China). The sequence of siRNA that specifically targeted MTDH was chemically synthesized by Sangon (Shanghai, China) (forward: GCA​AUU​CCU​UGG​AUC​UUA​UTT, reverse: AUA​AGA​UCC​AAG​GAA​UUG​CTT).
Cell Morphology and Immunofluorescence Staining
Caco-2 cells were stimulated with TNF-α, and cell morphology was examined at 24 and 48 h using an optical microscope, respectively. For the immunofluorescence array, the staining of Caco-2 cells was performed using the antibodies against occludin and claudin-1 (Sino Biological, China). Nuclei were visualized by incubation with DAPI. Images were photographed with a Leica fluorescence microscope (DM4000 B, Germany).
Quantitative Real-Time PCR
TRIzol reagent (Ambion, United States) was used to extract total RNA. The primers against miR-21-3p (HmiRQP0315) were obtained from FulenGen (Guangzhou, China). The other primer sequences were as follows: MTDH: 5′-GAC​CTA​GCC​CAG​CTG​AAG​AAT-3′ and 5′-TTT​GCA​GTT​ATA​CTT​CGG​GGA-3’; GAPDH: 5′-ATG​GGT​GTG​AAC​CAC​GAG​A-3′ and 5′-CAG​GGA​TGA​TGT​TCT​GGG​CA-3′; and U6: 5′-GAC​AGA​TTC​GGT​CTG​TGG​CAC-3′ and 5′-GAT​TAC​CCG​TCG​GCC​ATC​GAT​C-3′. The relative gene expression was determined by the 2–ΔΔCT method.
Western Blotting Analysis
The cells were lysed with RIPA buffer. The antibodies against MTDH, occludin, claudin-1, NF-κB/p65, p-NF-κB/p65 (Ser536), Wnt3a, Axin-1, β-catenin, β-actin, and GAPDH were obtained from CST, Inc. (Cambridge, United States). The ImageJ software was used to quantitate the protein expression.
Target Prediction and Luciferase Reporter Assay
The UCSC Genome Browser (http://genome.ucsc.edu/) was used to predict p65 binding sites (Gonzalez et al., 2021). miRNA targets were predicted using TargetScan (http://www.targetscan.org/) and miRWalk (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/).
The 3′-untranslated region (UTR) fragment of predicted genes was synthesized by Sangon (China) and subcloned into a pGL3 vector. The Promega dual-luciferase reporter assay was performed as previously reported (Mankertz et al., 2009).
Chromatin Immunoprecipitation
ChIP-IT Express Enzymatic Kit (Active Motif) was used in this study. IPed DNA was assessed by qPCR. The sequences of the primers were as follows: MIR21: 5′-GAG​CCA​CTA​CCA​AGG​CAT​GT-3′ and 5′-CCA​ATC​CCA​GAG​GTG​CCA​TT-3’.
Wnt Reporter Assay
The Wnt pathway–specific firefly reporter array (SA Biosciences) was performed in Caco-2 cells, and the luciferase assay was performed as described above.
Statistical Analysis
GraphPad 8 software (California, United States) was used in data analysis. Spearman rank correlation was introduced to analyze the correlation between miR-21-3p and MTDH. All the experiments were performed in triplicate. p < 0.05 indicated significant differences.
RESULTS
miR-21-3p Is Overexpressed in TNF-α–Induced Caco-2 Cells
Caco-2 cells were stimulated with different doses of TNF-α for 24 or 48 h, followed by cell morphology detection using an optical microscope. The results showed that the cell number was decreased and the cell structures were evidently changed, such as the appearance of vacuoles (Figure 1A). Moreover, occludin and claudin-1 proteins were decreased gradually with the increasing concentration of TNF-α (Figures 1B,C). In our previous study, miR-21-3p was reported to participate in intestinal barrier dysfunction. We subsequently detected varied miR-21-3p expression levels in Caco-2 cells. It was illustrated that the miR-21-3p expression level remained at a relatively low level when the TNF-α concentration was less than 50 ng/ml. As shown in Figure 1D, when the concentration was 100 or 150 ng/ml, miR-21-3p was dramatically overexpressed in a dose-dependent manner.
[image: Figure 1]FIGURE 1 | miR-21-3p is overexpressed in TNF-α–induced Caco-2 cells. (A) Caco-2 cells were treated with TNF-α for 24 or 48 h, subsequently followed by cell morphology using an optical microscope. The cell number was decreased, and the cell structures were evidently changed. (B) Caco-2 cells were treated with TNF-α for 24 h and immunofluorescent stained with occludin- or claudin-1–specific antibody and DAPI. (C) The expression of occludin and claudin-1 was evaluated by western blot analysis, showing that occludin and claudin-1 proteins were gradually decreased with the increasing concentration of TNF-α. (D) The expression of miR-21-3p was upregulated in a dose-dependent manner by RT-qPCR analysis. **p < 0.01, compared with the 0 ng/ml group.
miR-21-3p Is Upregulated by TNF-α Through NF-κB Signaling Pathway
To verify how TNF-α contributed to miR-21-3p overexpression, we focused on the NF-κB signaling pathway, which is regulated by TNF-α and participates in gene transcriptional regulation (Ning et al., 2021). As shown in Figure 2A, the phosphorylated p65 (p-p65) was drastically increased in the cell lysate of the stimulation group compared with the control. As p-p65 could translocate from the cytoplasm to the nucleus and act as a transcriptional factor, we hypothesized that p-p65 could bind to the transcriptional regulatory elements of MIR21, which codes miR-21-3p. To test the hypothesis, we treated Caco-2 cells using TNF-α and parthenolide (p65 inhibitor) simultaneously. The result showed that the overexpressed miR-21-3p induced by TNF-α was reversed by parthenolide (Figure 2B), suggesting the linkage function of p65 from TNF-α stimulation to miR-21-3p expression. Next, we found that p65 was significantly enriched in the promoter region of MIR21 in the USCS database (Figure 2C). To verify whether p-p65 could regulate miR-21-3p expression by directly binding to the MIR21 promoter region, we performed the reporter assay and ChIP assay. It was illustrated that the activity of MIR21 promoter was promoted by TNF-α, which could be reversed by parthenolide (Figure 2D), and p65 was enriched in the MIR21 promoter region (Figure 2E). Our findings demonstrated that miR-21-3p could be upregulated by the TNF-α/NF-κB signaling pathway.
[image: Figure 2]FIGURE 2 | miR-21-3p is upregulated by TNF-α through the NF-κB signaling pathway. (A) The expression of p65 and p-p65 was detected in TNF-α–induced Caco-2 cells by western blot analysis. p-p65 was drastically increased in the stimulation group compared with the control. (B) The expression of miR-21-3p was evaluated in TNF-α–induced Caco-2 cells or TNF-α and parthenolide co-induced Caco-2. The overexpressed miR-21-3p induced by TNF-α was reversed by parthenolide. (C) Schematic representation of predicted p65 binding sites in the promoter region of MIR21. (D) Results of luciferase reporter assays in Caco-2 cells transfected with the reporter plasmid containing the MIR21 promotor region (−1–−660 bp). The activity of MIR21 promoter was promoted by TNF-α, which could be reversed by parthenolide. (E) Chromatin immunoprecipitation was performed using antibodies against p65, or a control IgG. Precipitated DNA was analyzed by qPCR using primers for MIR21. The graph shows the enrichment in DNA immunoprecipitated by the IgG or anti-p65 antibody compared with the input. **p < 0.01.
miR-21-3p Directly Targets MTDH mRNA
microRNAs inhibit mRNA translation by directly binding to the mRNAs. We noticed that MTDH, a regulator of the Wnt signaling pathway, was predicted to be targeted by miR-21-3p. Due to the lack of the tissues from IBD patients, ten tissues from patients with CRC were enrolled. The analysis results indicated that miR-21-3p expression was inversely related to MTDH (r = −6.986, p = 0.0006, Figure 3A). We subsequently tested whether miR-21-3p could directly target MTDH mRNA to inhibit its translation (Figure 3B). We found that miR-21-3p markedly inhibited the luciferase activity in the group with wild-type MTDH-3′-UTR, but not in the mutant MTDH-3′-UTR group (Figures 3C,D). Furthermore, we also found that overexpression of miR-21-3p resulted in striking reduction of MTDH mRNA and protein (Figures 3E,F).
[image: Figure 3]FIGURE 3 | MTDH is a direct target gene of miR-21-3p. (A) Spearman rank correlation between miR-21-3p and MTDH levels in CRC tissues (n = 10) by RT-qPCR analysis. miR-21-3p expression was normalized to U6, and MTDH expression was normalized to GAPDH. The analysis results indicated that miR-21-3p expression was inversely related to MTDH. (B) Schematic representation of the predicted miR-21-3p binding sequence in the 3′-UTR of MTDH with wild-type form and with mutant form. (C) Results of luciferase reporter assays in Caco-2 cells, with co-transfection of WT or Mut 3′-UTR and miR-21-3p mimic, as indicated. (D) Results of luciferase reporter assays in Caco-2 cells, with co-transfection of WT or Mut 3′-UTR and miR-21-3p inhibitor, as indicated. (E) mRNA expression of MTDH in Caco-2 cells transfected with miR-21-3p mimic or inhibitor. Overexpression of miR-21-3p resulted in striking reduction of MTDH at the mRNA level. (F) Protein expression of MTDH in Caco-2 cells transfected with miR-21-3p mimic or inhibitor. Overexpression of miR-21-3p resulted in striking reduction of MTDH at the protein level. *p < 0.05, **p < 0.01.
miR-21-3p/MTDH/Wnt Signaling Pathway Is Involved in Intestinal Barrier Dysfunction
MTDH is reported to be a key modulator of the activity of Wnt signaling pathway (Shen et al., 2021a), and we hypothesized that TNF-α–induced miR-21-3p could regulate the activity of Wnt signaling pathway via MTDH. The Wnt activity reporter assay was performed. We observed a higher Wnt signaling activity in stimulated Caco-2 cells. Meanwhile, it was also observed that the introduction of parthenolide could significantly inhibit the Wnt signaling activity, and the introduction of miR-21-3p mimic or downregulation of MTDH could reverse the inhibitory effect of parthenolide (Figure 4A). Finally, we detected the protein expression of MTDH, claudin-1, occludin and Axin-1, Wnt3a, β-catenin in Caco-2 cells with upregulated or downregulated miR-21-3p. It was demonstrated that miR-21-3p reduced MTDH, claudin-1, and occludin expressions and induced Axin-1, Wnt3a, and β-catenin expressions (Figure 4B). These findings indicated that the miR-21-3p/MTDH/Wnt signaling pathway is involved in intestinal barrier dysfunction.
[image: Figure 4]FIGURE 4 | miR-21-3p/MTDH/Wnt signaling pathway is involved in the TNF-α–induced Caco-2 cell model. (A) The activity of Wnt signaling was evaluated by the Wnt reporter assay. The introduction of miR-21-3p mimic or downregulation of MTDH could reverse the inhibition by parthenolide. (B) The protein expression was detected in Caco-2 cells transfected with the miR-21-3p mimic or inhibitor. Wnt activation was evaluated with antibodies detecting the indicated Wnt pathway targets. *p < 0.05, **p < 0.01.
DISCUSSION
As one of the most important barriers of the body, normal intestinal epithelial tissue constitutes a physical and functional barrier structure. The intercellular junctions can regulate the absorption of nutrients and resist the invasion of toxins, antigens, and foreign microorganisms (Turner, 2006). Intestinal barrier dysfunction results in increased intestinal permeability to peritoneal endotoxin, thus promoting intestinal inflammation. Injury of intestinal barrier function is an important feature of many intestinal diseases (Salim and Soderholm, 2011; Halpern and Denning, 2015). Therefore, the impairment of intestinal barrier function seriously affects human health. Understanding the underlying mechanism of this phenomenon is important for the development of prevention and treatment of related diseases. As known, intestinal epithelial cells and their intercellular connective structures are crucial for the maintenance of intestinal barrier function (Al-Sadi et al., 2008). Multiple clinical studies have observed the upregulation of TNF-α in the intestinal tissues from patients with CD (Braegger et al., 1992; Murch et al., 1993; Reibetanz and Germer, 2015; Paredes et al., 2019). However, the exact mechanism by which TNF-α induces intestinal dysfunction remains unknown.
miR-21-3p was reported to be a motivator to promote intestinal barrier dysfunction, and its expression was correlated with the TNF-α level (Zhang et al., 2015; Zhang et al., 2018). To investigate the relationship between miR-21-3p and TNF-α, a series of experiments were performed. Our findings showed that phosphorylated p65 induced by TNF-α could promote the transcription of miR-21-3p via binding to the MIR21 promoter region.
Furthermore, our findings showed that MTDH, which is a type of scaffold protein, was regulated by miR-21-3p. MTDH is reported to participate in many key oncogenic pathways, including the Wnt signaling pathway by interacting with related proteins (Khan and Sarkar, 2021). The relationship between Wnt signaling and intestinal barrier dysfunction is complex and has never been truly determined. As a key regulator of epithelial proliferation, active Wnt signaling is essential to maintain epithelial homeostasis, and pathway inhibition results in crypt loss and tissue degeneration (Kuhnert et al., 2004). But the Wnt signaling pathway also could interact with multiple inflammatory signaling pathways (such as NF-κB signaling, MAPK signaling, AKT signaling, STAT signaling) to promote intestinal barrier dysfunction (Moparthi and Koch, 2019). In our study, we found that MTDH could reduce the expression of Axin-1, Wnt3a, and β-catenin and inhibit the activity of Wnt signaling pathway (Figure 4), which is contrary to the report by Kang (Shen et al., 2021b). Maybe, the modulation effect of MTDH on Wnt signaling pathway is dual-directed, by interacting with PRMT5, HSPA9, RPN1, HSPA5, AGPS, GTPBP1, ATAD3B, KIAA0020, or other proteins involved in the Wnt signaling pathway (Zhu et al., 2020).
CONCLUSION
miR-21-3p mediates the changes in the Wnt signaling pathway through negative regulation of MTDH and plays a regulatory role in intestinal barrier dysfunction. Therefore, this study provides information on miR-21-3p as a potential biomarker and therapeutic target for intestinal barrier dysfunction and related bowel diseases.
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Background: Administration of aspirin has the potential for significant side effects of gastrointestinal (GI) injury mainly caused by gastric acid stimulation, especially in long-term users or users with original gastrointestinal diseases. The debate on the optimal treatment of aspirin-induced gastrointestinal injury is ongoing. We aimed to compare and rank the different treatments for aspirin-induced gastrointestinal injury based on current evidence.
Methods: We searched PubMed, EMBASE, Cochrane Library (Cochrane Central Register of Controlled Trials), and Chinese databases for published randomized controlled trials (RCTs) of different treatments for aspirin-induced gastrointestinal injury from inception to 1 May 2021. All of the direct and indirect evidence included was rated by network meta-analysis under a Bayesian framework.
Results: A total of 10 RCTs, which comprised 503 participants, were included in the analysis. The overall quality of evidence was rated as moderate to high. Eleven different treatments, including omeprazole, lansoprazole, rabeprazole, famotidine, geranylgeranylacetone, misoprostol, ranitidine bismuth citrate, chili, phosphatidylcholine complex, omeprazole plus rebamipide, and placebo, were evaluated in terms of preventing gastrointestinal injury. It was suggested that omeprazole plus rebamipide outperformed other treatments, whereas geranylgeranylacetone and placebo were among the least treatments.
Conclusion: This is the first systematic review and network meta-analysis of different treatments for aspirin-induced gastrointestinal injury. Our study suggested that omeprazole plus rebamipide might be considered the best option to treat aspirin-induced gastrointestinal injury. More multicenter, high quality, large sample size randomized controlled trials will confirm the advantages of these medicines in the treatment of aspirin-induced gastrointestinal injury in the future.
Keywords: aspirin, gastrointestinal injury, healthy subject, network meta-analysis, randomized controlled trials
INTRODUCTION
Aspirin is a well-known baseline antiplatelet agent, serving as the primary and secondary prevention as well as the treatment of ischemic stroke, acute myocardic infarction, transient ischemic attack, acute coronary syndrome, and peripheral artery diseases (A. J. Hermosillo and Spinler, 2008). However, many studies have shown that the administration of aspirin has the potential for significant side effects of gastrointestinal (GI) symptoms including mucosal lesions, bleeding or peptic ulcers, especially in long-term users or users with origin gastrointestinal diseases (R. Guthrie, 2011). The aspirin-induced gastric injury is a chronic inflammation mainly caused by gastric acid stimulation, as aspirin break the gastric mucosal barrier; gastric acid is capable of breaking the mucosal epithelial cells directly, causing inflammation, bleeding, and gastric ulcer. However, the mechanism of aspirin-induced small bowel injury has remained incompletely understood; its occurrence involves intestinal microorganism, bile and other stimulating factors, which is more complex than the gastric injury caused by aspirin (Washio, et al., 2016; Wallace, 2012). Therefore, there are no guideline recommendations for the treatment of aspirin-induced gastrointestinal injury.
Medications such as proton pump inhibitors (PPIs), histamine 2 receptor antagonists (H2RAs), misoprostol, and alendronate are used clinically to prevent aspirin-induced gastrointestinal injury. Recent randomized controlled trials (RCTs) have demonstrated that these treatments have high therapeutic potential effects for aspirin-induced gastrointestinal injury. However, it is difficult to directly rank the efficacy and safety of the treatments due to the limitations of study design and scale.
Comparing to conventional meta-analysis, network meta-analysis (NMA) offers more advantages, which has been increasingly advocated in medical research, as it provides more comprehensive analytical evidence for selecting the optimal treatment by directly and indirectly evaluating different intervention models (Nikolakopoulou et al., 2018). To address this knowledge gap, we conducted a systematic review and network meta-analysis of randomized controlled trials (RCTs) of all the medications used in aspirin-induced gastrointestinal injury to evaluate their relative efficacy and safety.
METHODS
Our systematic review and NMA manuscript was written in accordance with the Cochrane Handbook (Higgins et al., 2020). Reporting was consistent with the Preferred Reporting Items for Systematic Reviews and Meta-Analysis (PRISMA) extension statement for reporting systematic reviews incorporating NMA (Guise et al., 2017).
Data Sources and Searches
We searched PubMed, EMBASE, Cochrane Library (Cochrane Central Register of Controlled Trials), and two Chinese databases (China National Knowledge Internet database and China Wanfang database) for citations published in any language from inception to 1 May 2021. We used combinations of MeSH terms and text words around “aspirin,” “acetylsalicylic acid,” “gastrointestinal injury,” “gastrointestinal lesions,” “peptic ulcer,” “bleeding,” “perforation,” “obstruction,” “healthy people,” “healthy subjects,” “randomized controlled trial,” and “clinical trial.” Additional studies were derived from screening the reference lists of included RCTs and previous systematic reviews. We also searched trial registers like ClinicalTrials.gov, iSCTRN, and OpenTrials.net to identify any unpublished or ongoing trials and contacted the researchers to ask about unpublished studies.
Eligibility Criteria
We included the RCTs with the following criteria: 1) RCTs inhibiting aspirin-induced gastrointestinal injury with medication in healthy people; 2) RCTs reporting number of people with gastrointestinal lesions, with or without safety outcome; 3) minimum sample size no less than 20.
We excluded the RCTs with the following criteria: 1) RCTs with significant flaws, incomplete or wrong results; 2) dissertations and conference abstracts; and 3) RCTs with the participant numbers in the smaller group less than 20. Besides, we excluded observational, cross-sectional, case series, or qualitative studies.
Data Extraction and Quality Assessment
Two independent authors (Wan-tong Zhang and Bao-chen Zhu) assessed all RCTs for eligibility and extracted data and assessed study quality. Disagreements were resolved by consensus-based discussion. The full-text articles were downloaded and the same inclusion criteria were used to decide whether to include or exclude at this stage. The average age and sex ratio of patients, grouping, intervention measures and outcome indicators were recorded. Each reviewer independently carried out the quality assessment of each selected article, assessed the completeness of the data extraction, and confirmed the quality rating to reduce bias.
Three authors (Wan-tong Zhang, Bao-chen Zhu, and Miao-ran Wang) evaluated all the included RCTs. Any disagreement was solved through discussion, mutual consensus, and rechecking of the article. For the RCTs which were included, the Cochrane risk-of-bias tool was used to assess risk of bias (Sterne et al., 2019), including selection bias (random sequence generation/allocation concealment), performance bias (blinding of participants and personnel), detection bias (blinding of outcome assessment), attribution bias (incomplete outcome data), reporting bias (selective outcome reporting), and other possible sources of bias. In this way, all articles selected for inclusion in the review were graded under the categories of low, high, or unclear risk of bias.
The efficacy outcome was the number of individuals diagnosed with gastrointestinal injury after taking aspirin. Safety assessments included adverse events (AEs).
Data Synthesis
For further evaluation of gastrointestinal protecting medications simultaneously, a network meta-analysis was used to synthesize the study effect sizes (both direct and indirect comparisons). Heterogeneity across individual studies was estimated by the Cochran Q test (Chi-squared) and Higgins I-squared inconsistency statistic. If there was no significant heterogeneity (p > 0.05, I-squared <50%), a fixed-effects model was used. Otherwise, a random-effects model was used. Moreover, the analysis of ranking probabilities and the Surface under the Cumulative Ranking curve (SUCRA) were used to explore the probabilities of each treatment being ranked the best. The SUCRA value, expressed as a percentage, is one of the best choices for indicating the relative probability of intervention. Inconsistency in the network was evaluated using the deviance information criterion (DIC) between the consistent and inconsistent models. If the DIC difference was within 3, the data were generally considered to be consistent. Once considerable heterogeneity (p < 0.05, I-squared>50%) was found in pairwise meta-analyses, we will conduct a sensitivity analysis; that is, we will remove those studies that lead to high heterogeneity indirect comparisons or introduced statistical inconsistency in the NMA. All data were analyzed by using the R 3.6.3 software and Review Manager version 5.4.
RESULTS
Study Screening
By searching five different electronic databases and manual reference searching, 241 relevant publications were found after removing duplications and unrelated studies. Relevant articles were further selected by reading the full texts. By excluding publications that contained noneligible data, had unsuitable comparator arms, and were not clinical trials and nonrandomized trials, 10 articles were included. Figure 1 shows the detailed steps of the literature selection process.
[image: Figure 1]FIGURE 1 | Flow chart indicating the selection process for this network meta-analysis.
Study Characteristics and Network Plots
In total, 10 trials were included in the NMA, and their basic characteristics are presented in Table 1. A network of eligible comparisons for the multiple-treatment meta-analysis was constructed (Figure 2). These RCTs compared eleven treatments, namely omeprazole, lansoprazole, rabeprazole, famotidine, geranylgeranylacetone, misoprostol, ranitidine bismuth citrate, chili, phosphatidylcholine complex, omeprazole plus rebamipide, and placebo.
TABLE 1 | Characteristics of RCTs included in the analysis.
[image: Table 1][image: Figure 2]FIGURE 2 | Network of eligible comparisons for the meta-analysis.
Table 1 summarizes the 10 trials published between 1992 and 2011. Most trials (8 of 10) were two-group studies, and only two trails had three or more groups. Overall, 503 patients were randomly assigned to one or two of the 10 gastrointestinal protecting medications or the placebo and included in the NMA. These RCTs compared 10 treatments, including omeprazole plus rebamipide (Kazuhiro et al., 2011), famotidine (Masafumi et al., 2011; Sugimoto et al., 2012), lansoprazole (Bergmann et al., 1992; Masafumi et al., 2011; Sugimoto et al., 2012), rabeprazole (Sugimoto et al., 2012), phosphatidylcholine complex (Byron et al., 2011), geranylgeranylacetone (Akiko et al., 2010), misoprostol (M. T. Donnelly et al., 2000), chili (K.G. Yeoh et al., 1995), omeprazole (James. M. Scheiman et al., 1994; Kazuhiro et al., 2011), and ranitidine bismuth citrate (N. Hudson et al., 1993). The mean study sample size was 50 participants, ranging from 20 to 181 participants. The treatment duration was less than 14 days in the vast majority of the subjects (80%).
Quality of Trials
The quality of the studies included in this NMA is shown in Figure 3. In terms of random sequence generation and allocation concealment, 30% (3/10) were considered to be low risk. 90% (9/10) were rated as “low risk of bias” in terms of blinding of participants and personnel, and 70% (7/10) of the studies have the confirmation that the outcome indicators were not easily affected by subjective factors. All of the studies reported complete outcome data. 90% (9/10) of the studies were rated as “low risk of bias” in terms of selective reporting and 70% (7/10) of the studies were rated as “low risk of bias” in terms of other bias.
[image: Figure 3]FIGURE 3 | Risk of bias graph.
Results of Meta-Analyses
Figure 4 shows the results of the head-to-head comparisons for the gastrointestinal injury. The treatments are reported according to their gastrointestinal injury ranking. Treatment at the top left corner ranks first, while the one at the bottom right corner ranks last. We estimated SUCRA values to rank all interventions for gastrointestinal injury. Omeprazole plus rebamipide had the highest number of significant differences compared with the other medications that are used clinically to prevent aspirin-induced gastrointestinal injury. Omeprazole plus rebamipide was associated with a significant reduction in the risk of gastrointestinal injury in pairwise comparisons with lansoprazole (OR: 0.00, 95% CI: 0.00–0.29), chili (OR: 0.00, 95% CI: 0.00–0.06), rabeprazole (OR: 0.00, 95% CI: 0.00–0.08), famotidine (OR: 0.00, 95% CI: 0.00–0.01), misoprostol (OR: 0.00, 95% CI: 0.00–0.02), phosphatidylcholine complex (OR: 0.00, 95% CI: 0.00–0.01), and placebo (OR: 0.00, 95% CI: 0.00–0.01). Ranitidine bismuth citrate was associated with a significant reduction in the risk of gastrointestinal injury in pairwise comparisons with chili (OR: 0.00, 95% CI: 0.00–0.91), rabeprazole (OR: 0.00, 95% CI: 0.00–0.73), famotidine (OR: 0.00, 95% CI: 0.00–0.12), misoprostol (OR: 0.00, 95% CI: 0.00–0.15), phosphatidylcholine complex (OR: 0.00, 95% CI: 0.00–0.08), and placebo (OR: 0.00, 95% CI: 0.00–0.02). Omeprazole was associated with a significant reduction in the risk of gastrointestinal injury in pairwise comparisons with chili (OR: 0.00, 95% CI: 0.00–0.38), rabeprazole (OR: 0.00, 95% CI: 0.00–0.51), famotidine (OR: 0.00, 95% CI: 0.00–0.08), misoprostol (OR: 0.00, 95% CI: 0.00–0.10), phosphatidylcholine complex (OR: 0.00, 95% CI: 0.00–0.05) and placebo (OR: 0.00, 95% CI: 0.00–0.02). Lansoprazole was associated with a significant reduction in the risk of gastrointestinal injury in pairwise comparisons with placebo (OR: 0.01, 95% CI: 0.00–0.11). In the direct meta-analysis, lansoprazole (OR, 36.50; 95% confidence interval [CI], 8.02–166.22) was also associated with the reduction in the risk of gastrointestinal injury compared to placebo (Figure 5).
[image: Figure 4]FIGURE 4 | Efficacy of all interventions according to network meta-analysis. Drugs are reported in order according to efficacy ranking. Treatment at the top left corner ranks first, while the one at the bottom right corner ranks last. Comparisons between treatments should be read from left to right and the estimate is in the cell common between the column-defining treatment and the row-defining treatment. ORs (95% CrI) lower than one favor the column-defining treatment. Results are rounded to two decimal points. Significant results are in bold.
[image: Figure 5]FIGURE 5 | Direct meta-analysis.
We further ranked all treatments according to SUCRA; Figure 6 presented all treatments ordered by their probability to be the best treatment in terms of gastrointestinal injury. It was suggested that omeprazole plus rebamipide, ranitidine bismuth citrate, and omeprazole outperformed other treatments, whereas geranylgeranylacetone and placebo were among the least treatments.
[image: Figure 6]FIGURE 6 | Interventions ordered by probability to be the best treatment. Drugs are ordered by their probability to be the best treatment in terms of preventing gastrointestinal injury. The cumulative percentages after normalization (0–100) are shown in the figure, with data from SUCRAs.
The inconsistency in the network for the nine interventions was summarized under consistency and inconsistency assumptions (Supplementary Tables); the difference of DIC between two models was no more than three, which means the results are generally considered consistent. In the heterogeneity analysis, global I-squared did not identified any heterogeneity across the studies (Supplementary Tables; global I 2 =  16.21).
DISCUSSION
Aspirin-induced gastrointestinal damage limits its regular use. PPI, H2RAs, misoprostol, alendronate, and some other gastrointestinal protecting medications are widely used in clinical practice for preventing the injury; however, there are no guideline recommendations for the injury. Therefore, identifying the treatment with the best safety and efficacy is important. To the best of our knowledge, there is currently no comparison of multiple interventions for treating aspirin-induced gastrointestinal injury; this is the first systematic review and network meta-analysis investigating different treatments for aspirin-induced gastrointestinal injury. Our study suggested that the combination of omeprazole and rebamipide was potentially the preferred intervention.
The mechanism of aspirin-induced gastrointestinal injury is usually considered to be divided into two parts: direct injury and indirect injury. The indirect mechanism of damage to the gastrointestinal mucosa by aspirin is the nonreversible inactivation of cyclooxygenase (COX), which inhibits the conversion of arachidonic acid to prostaglandin H2 (PGH2) in platelets (Hart and Bailey, 2002), subsequently affecting the production of prostaglandins PGE2 and PGI2. The decreased secretion of PGE2 decreases gastric mucus and HCO3-secretion and reduces gastrointestinal blood flow (Takeuchi, et al., 2015). The decreased secretion of PGI2 also decreases gastrointestinal lower blood flow (Harada et al., 1999). The limited energy caused by the lower blood flow reserved in the gastrointestinal mucosa makes it very sensitive to ischemia and hypoxia. It might cause damage to epithelial cells of the gastrointestinal mucosa, reduce mucosal barrier function, increase permeability and the susceptibility to endotoxin and bacterial attack. Another indirect mechanism of damage is that aspirin could affect intestinal flora, in particular, Gram-negative bacteria. It stimulates the immune system characterized by Toll-like receptor 4 and finally induces inflammation (Otani et al., 2017). The main ways in which aspirin causes direct gastrointestinal damage include 1) disrupting the hydrophobicity of mucus HCO3− protective layer of the gastric mucosa (Goddard and Hills, 1987); 2) damaging the gastrointestinal mucosal epithelial cells, including inducing oxidative stress damage to the gastrointestinal mucosal epithelial cells, elevating malondialdehyde concentration and inducing apoptosis in the gastrointestinal mucosal epithelial cells (Hernandez et al., 2016); and 3) disrupting the permeability of the gastrointestinal tract and causing inflammation (Lai et al., 2015). In summary, aspirin-induced gastrointestinal damage may be caused by a combination of inhibition of mucus secretion, inhibition of mucosal blood flow, oxidative stress damage, and inflammation, which is observed in our previous preclinical research (Zhu, et al., 2018). In such cases, inhibition of gastric acid production alone may not fundamentally inhibit aspirin-induced gastrointestinal injury. The treatment should be considered to elevate mucosal blood flow, reduce inflammatory infiltration, and promote mucus production at meantime. In animal experiments, rebamipide inhibited the infiltration of inflammatory cells in the gastric mucosa and increased the amount of gastric mucus, gastric mucosal blood flow, and gastric mucosal prostaglandin content. However, rebamipide showed no inhibitory effect on stimulating gastric acid secretion (Arakawa et al., 2005). Therefore, the combination of rebamipide with PPIs whose main effect is to inhibit gastric acid secretion can mechanistically inhibit aspirin-induced gastrointestinal injury.
H2RA and PPI are also used in clinical practice against aspirin-induced gastrointestinal injury. The results suggest that ranitidine bismuth citrate, omeprazole, and lansoprazole showed greater effectiveness than placebo. Ranitidine bismuth citrate is a combination drug of H2RA with bismuth citrate. The gastroprotective effects of ranitidine bismuth citrate include inhibiting gastric acid secretion (Tanaka, et al., 1996), inhibition of pepsin activity (Tay, et al., 1990), binding to ulcers (Koo et al., 1982), stimulation of prostaglandin synthesis and bicarbonate secretion (Konturek et al., 1987; Mertz-Nielsen et al., 1991), antibacterial activity (Manhart, 1990), and binding to mucus (Lambert, 1991). PPIs could inhibit gastric acid secretion and pepsin activity (El et al., 2018). Although not as good as the combination of rebamipide and PPIs, the use of PPI and ranitidine bismuth citrate alone can also be effective clinically.
In addition to the efficacy, safety is also an important issue in the treatment of aspirin-induced gastrointestinal injury. Clinicians have a responsibility to ensure that subjects were informed about the potential adverse drug reactions. The results showed that the combination of aspirin and protective treatments for gastrointestinal injury showed less side effects. Adverse events just happened in two treatments which are diarrhoea, dyspepsia, headache, aphthous ulcer, tinnitus, nausea, heartburn, abdominal pain, skin rash, and facial puffiness.
Compared with previous conventional pairwise meta-analyses, several merits of this study need to be highlighted. First, this study used network meta-analysis to explore the relative benefits of different treatments for aspirin-induced gastrointestinal injury and inform related clinical guidelines. The Bayesian model used in our study is currently the most applicable approach for multiple-intervention network meta-analysis, which could address the absence of direct comparison and reveal a favorable intervention by ranking analysis. Second, our literature search was as comprehensive as possible, which not only retrieved electronic databases commonly used in Chinese and English but also retrieved references from the reference lists of included RCTs and previous systematic reviews. However, this study also has some limitations, such as the uneven chronological distribution of the included literature, while the doses of aspirin used in some 1990s literature are too large compared to the current treatment regimen.
As a result, this comprehensive search strategy for the retrieval of the maximum number of available published trials and a predesigned inclusion criterion ensured the lowest possible degree of heterogeneity. There are several implications and considerations related to these findings. First, this study was conducted in healthy subjects to provide clinical indications for subsequent long-term users of aspirin. Second, this paper includes a variety of drugs that may play a role in prevention and treatment of aspirin-induced gastrointestinal injury, including novel drugs, to inform future clinical studies and guideline development.
CONCLUSION
This is the first systematic review and network meta-analysis of different treatments for aspirin-induced gastrointestinal injury. The findings from this network meta-analysis represent the most comprehensive analysis of the available evidence. Our findings suggested that omeprazole plus rebamipide might be considered the best option to treat aspirin-induced gastrointestinal injury. These results should be taken into account in future guidelines and the selection of interventions for aspirin-induced gastrointestinal injury. Besides, more multicenter, high quality, large sample size randomized controlled trials will confirm the advantages of different medicine in the treatment of aspirin-induced gastrointestinal injury in the future.
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Acute liver injury (ALI) is associated with poor survival in patients with sepsis. During sepsis, the liver is the main site of bacterial endotoxin-induced inflammation. Lipopolysaccharide (LPS) promotes caspase-4/5/11 activation, leading to pyroptosis, a major sepsis driver. This study aimed to identify novel drugs that can control hepatocyte caspase-4/5/11 activation during sepsis. We performed LPS-induced caspase-11 activation and pyroptosis in RAW 264.7 cells and established an LPS-induced ALI mouse model. We identified samotolisib (ST), a novel dual phosphoinositide 3-kinase (PI3K) and mammalian target of rapamycin (mTOR) inhibitor, by screening a library of 441 pyroptosis compounds with known targets, which dose-dependently inhibited caspase-11 activation and N-terminal fragment of gasdermin D (GSDMD-NT) generation, reducing RAW 264.7 cell pyroptosis. In mice, ST preconditioning improved survival, attenuated LPS-induced serum alanine aminotransferase and aspartate aminotransferase activity, and inhibited severe liver inflammation and damage. Importantly, ST treatment activated Nedd4, which directly interacts with and mediates caspase-11 ubiquitination and degradation. This was largely abrogated by insulin-like growth factor 1. ST ameliorated LPS-induced hepatotoxicity by inhibiting caspase-11/GSDMD-NT pyroptosis signaling via regulating PI3K/AKT/mTOR/Nedd4 signaling. Hence, ST may play a key role in the prevention of liver injury in patients with sepsis.
Keywords: samotolisib, acute liver injury, lipopolysaccharide, pyroptosis, caspase-11
INTRODUCTION
Acute liver injury (ALI) occurs at any stage of sepsis and is an independent risk factor for sepsis-induced death (Sun et al., 2020). Sepsis is characterized by life-threatening organ dysfunction caused by a dysregulated host response to infection (Singer et al., 2016). It is a common cause of death in intensive care units (Bauer et al., 2020). Inflammation is the main feature of sepsis, and the liver, as a lymphatic organ, plays an important role in inflammation. Clinical and experimental data suggest that liver dysfunction is an early sign of sepsis, and early hepatic dysfunction in patients with sepsis is a specific and independent risk factor for poor outcomes (Kramer et al., 2007). Attenuating liver injury and restoring the balance of pro- and anti-inflammatory responses in the liver will lower sepsis morbidity and mortality rates by regulating systemic immune responses and protecting organs from injury (Yan, Li, and Li 2014). However, there is no specific therapy for sepsis-induced liver injury.
A study showed that Gram-negative bacterial infections were more common than Gram-positive bacterial infections among patients with sepsis in the United States of America (Cecconi et al., 2018). Pathogen-associated molecular patterns (PAMPs) are recognized by the immune system via pattern recognition receptors. Lipopolysaccharide (LPS), the key inducer of inflammation in Gram-negative bacterial infections, is also mainly cleared by the liver (Deng et al., 2013). Simultaneously, LPS can be a key component of sepsis by overactivating the innate immune system (Pfalzgraff and Weindl 2019). Previous studies have suggested that LPS-induced endotoxemia is only mediated by the activation of the cell surface LPS receptor Toll-like receptor (TLR) 4 (Pfalzgraff and Weindl 2019). However, the disappointing results of TLR4 inhibitors as anti-sepsis drugs in clinical trials indicate that an LPS-induced injury mechanism that is not related to TLR4 may play a key role (Cheng et al., 2017; Rathinam, Zhao, and Shao 2019).
Recent studies have shown that cytosolic LPS-mediated pyroptosis is the main driver of endotoxic shock (Kayagaki et al., 2011; Cheng et al., 2017; Rathinam, Zhao, and Shao 2019). Pyroptosis is a new type of programmed cell death that has been discovered and confirmed in recent years. It is characterized by its dependence on caspase and pore-forming protein (GSDMD) and is mediated by a large number of pro-inflammatory factors (Man, Karki, and Kanneganti 2017; Lu et al., 2020). Pathways activated by pyrolysis include the canonical pathway, which depends on caspase-1, and the non-canonical pathway, which depends on caspases-4/5/11 (Ding et al., 2016; Lu et al., 2020). The loss of caspase-11, but not of caspase-1, protects mice from LPS-induced cell death, whereas intracellular LPS triggers caspase-11-dependent inflammasome activation in the cytoplasm independently of TLR4 (Kayagaki et al., 2011; Abu Khweek and Amer 2020). Caspase-11 is the direct sensor of intracellular LPS and can be directly activated by binding to LPS (Shi et al., 2014). However, activated caspase-11 can mediate the activation of the non-canonical NOD-, LRR- and pyrin domain-containing protein 3 (NLRP3) inflammasome, leading to caspase-1 activation and interleukin (IL)-1β maturation, which is likely mediated via potassium efflux through GSDMD-N-terminal (NT) pores (Rühl and Broz 2015). The human orthologues of murine caspase-11 are caspases-4 and 5, which can also be similarly activated by intracellular LPS, culminating in GSDMD-NT-mediated pyroptosis (Kayagaki et al., 2015). Thus, caspases-11/4/5 play an essential role in defending against intracellular bacterial infection upstream of the canonical NLRP3 inflammasome. However, currently, few known drugs can control caspase-11 activation. Inhibition of caspase-11 may be a new way to prevent sepsis caused by Gram-negative bacteria.
Ubiquitination is one of the most prevalent protein post-translational modifications and plays a crucial regulatory role in inflammatory cells (Zinngrebe et al., 2014). Nedd4 is a HECT E3 ubiquitin ligase that is widely expressed in mammalian tissues (Ingham, Gish, and Pawson 2004). Nedd4 is well known to play an important role in development and physiological growth (Cao et al., 2008). Moreover, Nedd4 regulates immune cell functions and plays important regulatory roles in adaptive immunity (Liu et al., 2017; Gao et al., 2021). In natural immunity, Nedd4 has an inhibitory effect on non-classical inflammasomes. It can directly bind to caspase-11 to induce its ubiquitination and degradation. The survival rate of Nedd4 ± mice after LPS challenge is significantly reduced, and serum IL-1β is significantly increased. Here, the heart and liver were determined to suffer serious inflammatory damage (Liu et al., 2019). At the same time, Nedd4 can catalyze the polyubiquitination of pro-IL-1β (Bulek et al., 2020).
Previous reports have confirmed that RAW 264.7 cells lack apoptosis-associated speck-like protein containing a CARD domain (ASC) expression (Lin et al., 2016). ASC is essential for the activation of caspase-1 in the classic NLRP3 inflammasome pathway. Thus, RAW 264.7 cells constitute an ideal cell model for studying non-classical pyroptosis, which does not depend on ASC/caspase-1. Through rigorous and systemic analysis, we were able to screen out samotolisib (ST) from 441 potential candidates in the FDA-approved pyroptosis compound library. We demonstrated that ST effectively suppressed LPS-induced caspase-11 activation and pyroptosis in RAW264.7 cells. Subsequently, we investigated how ST alleviated inflammatory infiltration and caspase-11 activation in liver tissue from ALI mice. Further molecular analysis showed that ST hepatoprotection was mediated by inhibiting LPS-induced hepatocyte pyroptosis via phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) signaling-mediated Nedd4 expression.
MATERIALS AND METHODS
Reagents and Antibodies
The primary antibodies used in this study were as follows: anti-NLRP3 (ab4207), anti-IL-18 (ab68435), anti-IL-1β (ab2105), anti-ASC (ab127537), anti-caspase-1 (ab179515), and anti-GSDMD-N (ab215203) purchased from Abcam (Cambridge, United Kingdom); anti-Caspase-11 (sc-56038) purchased from Santa Cruz Biotechnology (Dallas, United States of America); anti-ubiquitin (10201-2-AP), anti-Nedd4 (21698-1-AP), anti-GAPDH (60004-1-Ig), and horseradish peroxidase (HRP)-conjugated secondary antibodies (SA00001-2) purchased from Proteintech (Wuhan, China); and anti-Neutrophil (bs-19701R) purchased from Biosynthesis Biotechnology Co. (Beijing, China). Cy3 goat anti-mouse IgG (H + L) (A0521) and FITC goat anti-rabbit IgG (H + L) (A0562) used for immunofluorescence analysis were purchased from Beyotime (Shanghai, China). FuGENE-HD transfection reagent (E2311) was purchased from Promega (Madison, United States of America). ELISA kits for IL-1β and IL-18 were purchased from Shanghai Enzyme-linked Biotechnology (Shanghai, China). The LDH activity detection kit (C0016) was purchased from Beyotime Institute of Biotechnology (Shanghai, China). Pyroptosis Compound Library (L7400), ST (S8322) were purchased from Selleckchem (Houston, TX). Escherichia coli LPS (L2630) and FITC-conjugated LPS from E. coli 0111:B4 (F3665) were purchased from Sigma-Aldrich (St. Louis, MO).
Establishment of the Acute Liver Injury Mouse Model
Six-to-eight-week-old male C57BL/6 mice, weighing 18–21 g, were purchased from Chengdu Dashuo Experimental Animal Company (Chengdu, China). All mice were raised in specific pathogen-free animal housing and provided with bacteria-free food and water. Mice were randomly divided into four groups (group 1: vehicle group; group 2: 10 mg/kg LPS; group 3: 5 mg/kg ST; group 4: 5 mg/kg ST + 10 mg/kg LPS, n = 6 in each group). Then, the mice were sacrificed, and tissues and blood were collected. Sera were isolated from blood using centrifugation at 4000 rpm at room temperature and stored at −80°C for biochemical analysis. Tissues were fixed in a 4% formalin solution and embedded in paraffin for histological analysis. All animal procedures were approved by the Animal Policy and Welfare Committee of Chengdu Medical College (CDYXY-2019036).
Cell Lines and Cultures
RAW264.7 cells were maintained in DMEM supplemented with 10% fetal bovine serum at 37°C with 5% CO2. All media and supplements were purchased from Invitrogen (Carlsbad, CA, United States).
Flow Cytometry
Flow cytometry was used to measure pyroptosis using an Annexin V-PE/7-AAD Detection Kit (KeyGEN, Jiangsu, China), according to the manufacturer’s instructions. RAW264.7 cells were pre-treated with or without ST at 2.5, 5, and 10 μM, and then harvested, washed with phosphate-buffered saline (PBS), and stained with 7-AAD for 15 min. After the reaction, 450 μl binding buffer was added, followed by incubation with 1 μl Annexin V-PE at 37°C in the dark for 15 min. Finally, the cells were analyzed using a flow cytometer (FACSCalibur, Becton-Dickinson, Franklin Lakes, NJ, United States).
Cell Death Assessment
Cells were seeded in 96-well plates and primed with 1 mg/ml Pam3CSK4 in Opti-MEM for 4 h. Subsequently, the cells were treated with the different compounds for specific time periods and then transfected with 1 ug/mL LPS plus FuGENE-HD (2.5%, v/v) in Opti-MEM for 16 h (Ye et al., 2021). Lytic cell death was determined using a lactate dehydrogenase (LDH) activity detection kit.
Liver Indices
Liver tissues were weighed, and liver indices calculated as the ratio of liver weight to body weight.
Hematoxylin and Eosin, Periodic Acid–Schiff , and TUNEL Staining
Mice were anaesthetized using 0.6% pentobarbital sodium (40 mg/kg), and liver tissues were collected and fixed with 4% paraformaldehyde (in PBS) for 48 h at room temperature, dehydrated using an ethanol gradient, cleared with xylene, embedded in paraffin, and cut into 5 μm sections.
To evaluate the degree of inflammatory cell infiltration, liver sections were stained using an H&E staining kit (Beyotime Biotechnology, Shanghai, China). The sections were dewaxed, dehydrated, washed with PBS, and then stained with hematoxylin for 6 min and eosin for 2 min. We evaluated the distribution of liver glycogen using a PAS staining kit (Solarbio, Beijing, China). DNA fragmentation was detected by a TUNEL apoptosis detection kit (KeyGen, Nanjing, China).
Immunohistochemistry Analysis
IHC was performed using an SP link detection kit (ZSGB-BIO Technology, Beijing, China). Tissue sections were dewaxed, dehydrated, and washed with PBS. Subsequently, the samples were boiled in citrate buffer (pH 6.0) for antigen retrieval and blocked with 5% normal goat serum at 37°C for 1 h. The sections were then incubated overnight at 4°C with the primary antibodies (1:200). After washing with PBS, the sections were incubated with the corresponding secondary antibody for 30 min. Finally, diaminobenzidine was used as the chromogen to visualize the immunocomplexes, and the sections were counterstained with hematoxylin. Images of random liver sections were captured at ×40 and ×20 magnifications using a microscope (XI 71 Olympus, Tokyo, Japan).
Immunofluorescence Staining
The liver tissues were embedded in optimal cutting temperature compound and cut into 10 μm sections for IF staining. After washing with PBS, tissue sections were blocked with 5% BSA for 30 min at 37 C and then incubated overnight at 4 C with primary antibodies. After washing, the sections were incubated with secondary antibodies, Cy3 goat anti-rabbit/mouse IgG (H + L) or Alexa Fluor 488 goat anti-mouse/rabbit IgG (H + L) (1:200) for 1 h at 37°C, and nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI). Fluorescent images were captured at a ×40 magnification using a fluorescence microscope.
Survival Analysis
After LPS injection, the survival status of the mice was monitored at least every 6 h for two consecutive days. Survival curves were constructed using the GraphPad Prism 7.0 software.
Immunoprecipitation
Liver samples were lysed on ice with immunoprecipitation lysis buffer (Beyotime) containing a protease inhibitor cocktail (Beyotime). Samples were centrifuged at 15,000 × g for 15 min, and 200 μl supernatant was transferred to a new tube as the input. Approximately 500 to 1,000 μg of protein was incubated with 1 μg of antibody overnight at 4 C. In total, 30 μl protein A/G-agarose beads (Beyotime) were added to each sample and incubated for another 2 h at 4 C the next day. The beads were then washed thrice with immunoprecipitation lysis buffer. After the final centrifugation, the beads were boiled for 5 min with 60 μl SDS loading buffer (Beyotime), and samples were subjected to western blot analysis using standard protocols.
Quantitative Reverse-Transcription Polymerase Chain Reaction
Total RNA was extracted from spinal cord tissue using a total RNA extraction kit (Solarbio, Beijing, China) according to the manufacturer’s instructions. Next, cDNA was synthesized using an iScript cDNA synthesis kit (Bio-Rad, Hercules, CA, United States). The mRNA levels of Il18, Il1β, Il6, Il10, tumor necrosis factor (TNF)-α, monocyte chemoattractant protein-1 (MCP-1), and Nedd4 were analyzed using qRT-PCR and the SYBR Green Supermix (Bio-Rad, Hercules, CA, United States). The primers were synthesized by Shanghai Shenggong. The 2−ΔΔCT method was used to calculate the relative mRNA levels.
Western Blot Assay
Liver tissues and cells were lysed in ice-cold RIPA lysis buffer (Beyotime Biotechnology, Shanghai, China). Protein concentrations were determined using a BCA reagent kit (Beyotime Biotechnology, Shanghai, China). Total protein (30 μg) was separated using 10% sodium dodecyl sulphate-polyacrylamide gel electrophoresis and transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, United States). The membranes were blocked in Tris-buffered saline with 5% non-fat milk and 0.5% bovine serum albumin for 2 h at room temperature and then incubated overnight at 4 C with primary antibodies (1:1,000). After washing, the membranes were incubated with secondary antibodies (1:5,000) for 1 h at 37 C. Blots were visualized with the chemiluminescent HRP substrate (Millipore) and quantified using the Quantity 5.2 software System (Bio-Rad).
Cell Counting Kit 8 Assay
Cells were cultured in 96-well plates at 10,000 cells/well, and 24 h after irradiation and/or drug treatment, CCK-8 (C0038, Beyotime, Shanghai, China) was used to detect cell viability according to the manufacturer’s instructions.
Statistical Analyses
All data are expressed as the mean ± SD. Statistical analysis was performed using the GraphPad Prism 7.0 software (GraphPad, San Diego, CA, United States) with one-way ANOVA, followed by post-hoc multiple comparisons with Tukey’s test. p < 0.05 was considered statistically significant.
RESULTS
Identification of Compounds That can Suppress Caspase-11 Activation and Pyroptosis Through High-Throughput Screening
To sufficiently activate caspase-11, appropriate PAMP priming is needed to stimulate the expression of pro-caspase-11 protein prior to transfection or delivery of LPS into the cytosol (Hagar et al., 2013). We initially performed this in RAW264.7 macrophages using Pam3CSK4 (a synthetic ligand for Toll-like receptor TLR2/1 as the priming reagent (Kayagaki et al., 2015). LPS transfection markedly increased caspase-11 activation, GSDMD-NT generation, and LDH release (Supplementary Figure S1). To identify compounds with the ability to inhibit caspase-11 activation, we screened a library of 441 compounds (Selleckchem compounds library) in RAW264.7 cells. Compounds were screened for their ability to inhibit caspase-11 activation and LPS-stimulated pyroptosis at a concentration of 10 μM using different detection methods (Figure 1A). Primary screening with LDH release revealed the ability of the compounds to inhibit lytic cell death after LPS transfection (Figure 1A). A total of 15 compounds that induced LDH release of less than 15% were selected for further evaluation in the secondary screening (Figure 1A). Subsequently, we confirmed the toxicity of these compounds using the CCK-8 assay. The six compounds confirmed in the secondary screening inhibited RAW264.7 cell growth by less than 25% at a concentration of 10 μM (Figure 1A). Flow cytometry assays further detected Annexin V-PE and 7-AAD double-positive cells in RAW264.7 cells pre-treated with these six compounds. The results showed that ST (C23H26N4O3, Figure 1B) induced the most significant inhibition of intracellular LPS-induced lytic cell death (Figure 1A). Next, we sought to verify the ability of ST to inhibit caspase-11 activation and pyroptosis at the concentrations of 2.5, 5, and 10 μM. Pre-treatment with ST decreased the number of Annexin V-PE and 7-AAD double-positive cells. ST alone did not increase the number of Annexin V-PE and 7-AAD double-positive cells (Figure 1C). Similarly, western blot and LDH release assay analyses showed that ST dose-dependently inhibited intracellular LPS-induced GSDMD-NT generation, caspase-11 activation, and LDH release. ST alone did not induce any such processes (Figures 1D,E). Together, these data indicate that ST is able to inhibit caspase-11 activation and pyroptosis in RAW264.7 cells.
[image: Figure 1]FIGURE 1 | Screening for compounds with the ability to inhibit caspase-11 activation and lytic cell death in RAW264.7 cells. (A) Flow chart for primary/secondary screening and identification of compounds. (B) Chemical structure of samotolisib. (C) Percentage of Annexin V PE and 7-AAD double-positive RAW264.7 cells detected using flow cytometry. (D) Percentage of LDH release in the culture supernatants. (E) Western blot assay showing the levels of caspase-11 and GSDMD-NT in cell lysates. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was adopted as a loading control.
ST Pre-treatment Relieves Lipopolysaccharide-Induced Acute Liver Injury in Mouse Models
To investigate the protective role of ST in sepsis-induced liver damage, we challenged mice with a lethal dose of LPS. The result confirmed that ST pre-treatment dose-dependently improved the clinical symptoms in the ALI mice (Supplementary Figure S2). The appropriate dose of ST to attenuate the symptoms of ALI was 5 mg/kg, which was used for subsequent experiments. Subsequently, mice were randomly divided into seven groups (n = 6 per group). The experimental groups are shown in Figure 2A. After the establishment of the ALI model, the 48 h survival rate of mice in the control and ST groups was 100%. Mice began to die 12 h after LPS injection, and the survival rate was zero at 48 h. In the ST + LPS group, mice began to die 30 h after LPS injection. ST pre-treatment significantly prolonged the survival time in the ST group compared to that in the LPS group (Figure 2B). Pathological examinations were performed to determine the effects of ST on hepatic injury (Figure 2C). The activities of serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) significantly increased in the LPS group compared to those in the control group. ST pre-treatment significantly inhibited ALT and AST activities in the ST group compared to those in the LPS group (Figures 2D,E). The results of liver weight, body weight, and liver index showed that pre-treatment with ST markedly attenuated LPS-induced liver weight and liver index upregulation (Figures 2F–H). PAS staining of liver sections was performed to evaluate the effect of ST pre-treatment on the restoration of functional hepatocytes in the LPS-damaged liver. PAS staining demonstrated that mice treated with ST showed an uneven distribution of liver glycogen caused by LPS (Figure 2I). These results illustrate that ST plays a protective role against LPS-induced liver injury.
[image: Figure 2]FIGURE 2 | Samotolisib improved survival and liver injury induced by LPS. (A) Mice (n = 6 per group) were pre-treated with vehicle phosphate-buffered saline (PBS) or ST (5 mg/kg, respectively) 1 h prior to the LPS (10 mg/kg) challenge, respectively. (B) Survival curves. (C) Representative images of liver tissues. (D) Plasma levels of AST and (E) ALT. (F) Liver weight. (G) Body weight. (H) Liver index. (I) PAS staining of liver section (scale bars = 200 and 100 μm). Data are presented as the mean ± SD; n = 10 (for survival rate analysis) or 6; *p < 0.05, **p < 0.01, ***p < 0.005.
ST Reduces LipopolysaccharideLPS-Induced Hepatic Inflammation in Mouse Models
Inflammation is one of the main causes of liver damage during sepsis (Feng et al., 2017). Previous reports have shown that the LPS-induced inflammatory response in the liver may be due to pyroptosis (Hu et al., 2020). H&E staining was used to analyze the inflammatory infiltration of the liver. In the control group, liver tissue revealed a normal hepatic architecture (Figure 3A). However, in the LPS group, the inflammatory infiltration of the liver was significantly increased. Mice pre-treated with ST presented less inflammatory infiltration (Figure 3A). The serum levels of IL-1β and IL-18 were significantly increased in the LPS group compared to those in the control group, and these increases were inhibited by ST pre-treatment (Figures 3B,C). We investigated the mRNA levels of inflammatory cytokines that mediate the development of liver injury. RT-qPCR analysis revealed that LPS injection also dramatically upregulated the expression of pro-inflammatory factors in the liver, including IL-18, IL-6, IL-10, MCP-1, and TNF-α. As expected, ST significantly reduced the expression of these inflammatory mediators (Figures 3D–I). ST inhibited the LPS-induced recruitment of neutrophils (Figure 3J). These results indicate that ST could inhibit the hepatic inflammatory response during ALI in mice.
[image: Figure 3]FIGURE 3 | Samotolisib reduces the LPS-induced inflammatory response. Liver tissues were collected from the mice 12 h after LPS administration. The following analyses were performed: (A) H&E staining was performed on paraffin-embedded mouse liver sections. Inflammatory foci were observed using a microscope (Scale bar = 100 μm). (B, C) Serum IL-1β and IL-18 levels measured using ELISA. (D–I) mRNA expression of the inflammatory cytokines IL-18, IL-1β, IL-6, IL-10, MCP-1, and TNF-α, quantitated using qRT-PCR. (J) Immunofluorescence assays. Immunofluorescence was performed on frozen mouse liver sections. 4′,6-diamidino-2-phenylindole (DAPI) counter-staining for visualizing nuclei. Stained sections were observed and quantified using a fluorescence microscope (scale bars = 100 μm). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.005.
ST Relieves Lipopolysaccharide-Induced Caspase-11 Activation and Pyroptosis in the Liver
To clarify whether ST suppresses ALI by inhibiting caspase-11 activation and pyroptosis, we evaluated the expression levels of pyroptosis-related proteins in the liver using western blotting. The results showed that the levels of caspase-11, GSDMD-NT, NLRP3, ASC, caspase-1, IL-1β, and IL-18 were increased in sepsis mice and that ST pre-treatment suppressed this effect (Figure 4A). Caspase-11 was highly expressed in the liver of sepsis mice, and ST pre-treatment remarkably inhibited caspase-11 expression (Figure 4B). Furthermore, compared with the control group, LPS remarkably increased the number of TUNEL-positive cells in the liver, whereas ST pre-treatment significantly reduced these numbers (Figure 4C).
[image: Figure 4]FIGURE 4 | Samotolisib suppresses the activation of caspase-11/pyroptosis in LPS-induced liver injury. (A) The protein levels of pyroptosis markers assessed using western blotting. (B) Representative immunohistochemistry (IHC) images of caspase-11 in liver sections (scale bars = 200 μm). (C) TUNEL staining of liver sections (scale bars = 100 μm). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.005.
ST Promoted Caspase-11 Ubiquitination by Inhibiting PI3K/AKT/mTOR Signaling
ST is an inhibitor of class I PI3K isoforms and mTOR kinase (Smith et al., 2016). ST can inhibit PI3K/AKT/mTOR signaling, which can be reversed by IGF-1 (Figure 5A). The PI3K/AKT/mTOR pathway has attracted extensive attention as a modulator of autophagy (Xu et al., 2020). We first explored whether ST inhibited pyroptosis by inducing autophagy. Interestingly, the western blotting results showed that ST pre-treatment did not increase the expression of autophagy-related proteins (Supplementary Figure S3A), indicating that autophagy does not participate in the inhibitory effect of ST. Studies have shown that protein ubiquitination has a regulatory effect on the activation of inflammasomes and non-classical inflammasomes. To further elucidate the underlying mechanisms, we verified the level of caspase-11 ubiquitination in liver tissues. The ubiquitination levels of caspase-11 were highly increased and were sustained at high levels in the LPS + ST group compared with those in the LPS group (Figure 5B). Hence, ST may be involved in the regulation of related signaling pathways and of ubiquitin-mediated pyroptosis. Further, IGF-1 inhibited the high ubiquitination levels of caspase-11 in the LPS + ST group (Figure 5C). To this end, we performed double IF staining with caspase-11 and ubiquitin antibodies in the liver. Double IF analysis revealed the co-localization of caspase-11 with ubiquitin in the liver (Figure 5D). The above studies demonstrate that ST promotes the ubiquitination of caspase-11 through PI3K/AKT/mTOR signaling.
[image: Figure 5]FIGURE 5 | Samotolisib promoted caspase-11 ubiquitination by inhibiting PI3K/AKT/mTOR signaling. (A) Western blotting showing the protein levels of P-AKT and AKT. (B, C) Lysates of liver tissue immunoprecipitated with an anti-caspase-11 antibody and western blotting with the indicated antibody. (D) Immunofluorescence assays. Ubiquitin (Ub) was detected using an anti-Ub primary antibody and FITC goat anti-rabbit antibody; caspase-11 was detected using an anti-caspase-11 primary antibody and Cy3-labeled goat anti-mouse antibody; DAPI counter-staining was used to visualize nuclei (scale bar = 50 μm). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.005.
ST Activates the Binding of Ubiquitinating Protein Nedd4 to Caspase-11
Nedd4 plays important regulatory roles in adaptive immunity. In particular, it was previously found that Nedd4 controls non-canonical inflammasome activation through polyubiquitination and subsequent degradation of caspase-11 (Liu et al., 2019). IHC, western blot, and RT-qPCR analysis demonstrated that the expression of Nedd4 was upregulated in the LPS + ST group compared with that in the LPS group and that IGF-1 inhibited the increase of Nedd4 (Figures 6A–C). Thus, we hypothesized that caspase-11 ubiquitination by Nedd4 might inhibit non-canonical inflammasome activation. To test this hypothesis, we used co-immunoprecipitation experiments, and double IF staining revealed that Nedd4 interacted with caspase-11 in the liver (Figures 6D,E).
[image: Figure 6]FIGURE 6 | Nedd4 interacts with caspase-11 and targets it for degradation. (A) Representative immunohistochemical images of Nedd4 in liver sections (scale bars = 100 μm). (B) Western blotting showing the protein levels of Nedd4 and (C) qRT-PCR results. (D) Lysates of liver tissue immunoprecipitated with an anti-caspase-11 antibody and western blotting with the indicated antibody. (E) Immunofluorescence assays. Nedd4 was detected using an anti-Nedd4 primary antibody and FITC goat anti-rabbit antibody; caspase-11 was detected using an anti-caspase-11 primary antibody and Cy3-labeled goat anti-mouse antibody (scale bar = 50 μm). Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, ***p < 0.005.
DISCUSSION
Liver injury is strongly associated with poor outcomes in sepsis patients. Inhibition of caspase-11 activation in the liver is considered a potential therapeutic target for the treatment of sepsis (Liu et al., 2020). However, little is known about the therapeutic drugs that can target and inhibit caspase-11 (Ye et al., 2021). The present study revealed that ST inhibits caspase-11 activation, thereby reducing the impact of pyroptosis in hepatocytes. This ST effect is mediated through increased ubiquitination and subsequent degradation of caspase-11 via PI3K/AKT/mTOR signaling in hepatocytes.
In the current study, we screened 441 small molecule compounds with known targets in RAW264.7 cells. Primary screening resulted in the identification of 15 compounds that equally inhibited the release of LDH. We found some novel anti-inflammatory targets of the 15 compounds, including Hsp70, IL-5 receptor, and sirtuin 1. For example, sirtuin 1 has a significant active role, making it a new drug screening target, with a great developmental potential (James 2017b; Li et al., 2017; Li et al., 2018). LPS is a critical repressor of sirtuin 1 (James 2017c), which was recently found to be involved in non-alcoholic fatty liver disease and various organ diseases (James 2016; James 2017a). Of the 15 compounds, six compounds with inhibitory effects were identified following the secondary screenings, of which ST had the best effect on pyroptosis suppression. Subsequently, in vivo experiments confirmed that ST showed significant liver protection against LPS-induced acute liver damage. In addition, the liver plays a central role in inflammation during sepsis (Yan, Li, and Li 2014). ST pre-treatment can inhibit the expression and release of inflammatory cytokines and inflammatory infiltration in liver tissue.
Previous studies have demonstrated that some drugs can play an important role in alleviating LPS-induced liver injury by inhibiting the PI3K/AKT/mTOR signaling pathway (Liu et al., 2020; Shen et al., 2020). At the same time, activating autophagy through the PI3K/AKT/mTOR pathway is a common mechanism for treating infectious diseases (Campbell et al., 2018; Liu et al., 2020; Shen et al., 2020). In this study, we found that the expression of autophagy-related proteins did not increase after ST pre-treatment. Therefore, we considered the involvement of other mechanisms. Polyubiquitination is a post-translational modification that affects the activity and function of innate sensors and downstream signaling molecules through the covalent attachment of ubiquitin to lysine residues in the target protein (Liu, Qian, and Cao 2016). In canonical inflammasomes, protein ubiquitination has a regulatory effect on inflammasome activation. Studies have reported that the linear ubiquitination of ASC is necessary for the assembly of NLRP3 inflammasomes (Rodgers et al., 2014). The ubiquitination of DEAH-Box helicase 33 (DHX33) by tripartite motif-containing 33 is lysine 63-specific and is required for the formation of the DHX33-NLRP3 inflammasome complex (Weng et al., 2014). The ubiquitin-editing enzyme A20 downregulates the expression levels of NLRP3, pro-IL-1β, and IL-18 by blocking nuclear factor-κB (Duong et al., 2015). In addition, ubiquitination can respond to different levels of infection and danger signals and regulate non-canonical inflammasome activity. The results showed that caspase-11 was bound to ubiquitinated proteins in hepatocytes after LPS injection and that it was significantly upregulated during ST pre-treatment. However, IGF-1 reduced the ubiquitination levels of caspase-11 and prevented the inhibitory effect of ST on caspase-11 activation. In this study, we made two key discoveries. First, LPS induced pyroptosis in both the mouse liver and RAW264.7 cells lacking ASC, as evidenced by caspase-11 activation and GSDMD-NT generation (markers of pyroptosis). Second, caspase-11-mediated pyroptosis in the liver was alleviated by ST by increasing the ubiquitination level of caspase-11, which was attenuated by IGF-1. These findings indicate that LPS can activate non-canonical inflammasomes in the liver, and that this is inhibited by ST through the PI3K/AKT/mTOR pathway. Considering that ST could alleviate the increased liver damage and inflammation in the LPS group, our findings indicate that ST protects the liver through a ubiquitination-dependent mechanism and improves the systemic effects of LPS.
To further explore the mechanism by which ST inhibits caspase-11, we aimed to identify the protein responsible for regulating caspase-11 ubiquitination. In innate immunity, Nedd4l catalyzes the K29-linked ubiquitination of cysteine residues in TNF receptor-associated factor 3, which is key to innate antiviral immunity (Gao et al., 2021). Recent research found that Nedd4 is an important negative regulatory component of the non-canonical inflammasome pathway and that it directly interacts with caspase-11 and mediates the polyubiquitination of K48-linked caspase-11 at multiple K residues and subsequent degradation by the 26S proteasome. Simultaneously, caspase-11 mutually regulates Nedd4 through cleavage (Liu et al., 2019). Considering this finding and the fact that ST inhibits caspase-11 by enhancing ubiquitination, we hypothesized that ST may promote the expression of Nedd4 and its binding to caspase-11, leading to caspase-11 inhibition. We detected Nedd4 and its binding to caspase-11. The direct interaction between caspase-11 and Nedd4 was detected using immunoprecipitation-immunoblotting analysis. IF revealed that Nedd4 forms a complex with caspase-11 in liver cells, which is inhibited by IGF-1. In summary, these results indicate that ST interacts with and ubiquitinates caspase-11 through Nedd4, thereby inhibiting LPS-induced caspase-11 activation in hepatocytes, ultimately leading to caspase-11-mediated pyroptosis inhibition in hepatocytes, which is manifested by the reduction of liver damage and improvement of the general condition during sepsis. However, the type of Nedd4 ubiquitination involved and the location of caspase-11 require further study.
In conclusion, we have shown that ST protects the mouse liver from LPS-induced experimental sepsis. This action of ST is achieved through the inhibition of intracellular LPS-induced pyroptosis, which is dependent on PI3K/AKT/mTOR signaling-mediated Nedd4 expression. These findings suggest that ST can be used as a potential drug for the prevention of liver injury in patients with sepsis.
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Supplementary Figure 1 | LPS activated non-canonical pyroptosis in RAW264.7 cells. (A) Western blotting showing the protein levels of caspase-11 and GSDMD-NT in cell lysates. (B) Percentage of LDH release in the culture supernatants. (C) LPS in cytoplasm of RAW264.7 cells. After transfected with FITC-LPS for 16 h, the cells were counter stained with DAPI. The staining was observed using a fluorescence microscope. (D) LPS abundance in RAW264.7 cells was indicated by the FITC fluorescence intensity that measured by a fluorescence microplate reader at excitation/emission wavelengths of 490/530 nm; *P < 0.05, **P < 0.01, ***P < 0.005.
Supplementary Figure 2 | Different concentrations of samotolisib improved pathological liver injury induced by LPS. (A) Plasma levels of AST and. (B) and ALT.
Supplementary Figure 3 | Samotolisib cannot regulate autophagy and Sirtuin 1 in acute liver injury. (A) Western blotting showing the protein levels of Beclin-1, ATG5, P62, LC3. (B) Western blotting showing the protein levels of Sirtuin 1.
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Sepsis is a highly heterogeneous syndrome that is caused by an unbalanced host response to an infection. Long noncoding RNAs (lncRNAs) have been reported to exert regulatory roles in a variety of biological processes, and became potential biomarkers and therapeutic targets for diverse diseases. However, current understanding on the roles of lncRNAs in sepsis is extremely limited. Herein, to decipher the underlying functions of lncRNAs, we reexplored the 83 transcriptome datasets from specimens with sepsis, no_sepsis by final diagnosis, and control. The results of differentially expressed genes (DEGs), differentially expressed lncRNA (DElncRNA) analysis, and co-expression analysis of lncRNA–mRNA pairs were obtained. We found that the expression pattern of lncRNAs was significantly activated in sepsis specimens, which was clearly distinguished in sepsis from no_sepsis and control specimens. By performing co-expression analysis, we found DElncRNAs were closely related to T-cell activation and immune response–related terms in sepsis by regulating mRNA expression in the trans manner. The lncRNA–mRNA network and the qRT-PCR test revealed that lncRNAs LINC00861, RP11-284N8.3, and CTB-61M7.2 were significantly correlated with the pathogenesis of sepsis. In addition, weighted gene co-expression analysis (WGCNA) and cis-regulation analysis also revealed sepsis-specific lncRNAs were highly associated with important biological processes correlated with sepsis. In summary, the systematic dysregulation of lncRNAs is tightly involved in the remodeling of gene expression regulatory network in sepsis, and the lncRNA–mRNA expression network may be used to refine biomarker predictions for developing novel therapeutic approaches in sepsis.
Keywords: sepsis, transcriptome, lncRNA, mRNA, network
INTRODUCTION
Sepsis is defined as a life-threatening multi-organ dysfunction caused by a dysregulated host response to infection (Singer et al., 2016). Despite continuous progress in earlier recognition and treatment, unfortunately sepsis remains the leading cause of death in the critically ill patient population, with few therapeutic options due to early-stage uncontrolled inflammation together with late-stage protracted immunosuppression (Dombrovskiy et al., 2007; Melamed and Sorvillo, 2009; van der Poll et al., 2017). Annually, over 30 million people are affected by sepsis, and approximately 30% of those affected die (Fleischmann et al., 2016; Cheng et al., 2018). It should be noted that patients who survive sepsis often suffer from a poor long-term outcome with risk of cognitive and physical impairments (Iwashyna et al., 2010). In light of this fact, sepsis has been described as the quintessential medical disorder of the twenty-first century (Reinhart et al., 2017). In such a context, substantial research progress has been made in recent years to understand the basic mechanisms underlying sepsis pathogenesis and to identify potential biomarkers and targets for use as diagnostic, therapeutic, and prognostic tools. Of note, special attention has been paid to investigate the roles of long noncoding RNAs (lncRNAs) in sepsis.
LncRNAs are defined as a class of nonprotein-coding transcripts with a length of more than 200 nucleotides (Kung et al., 2013). Due to the properties of participating in chromatin rearrangement, histone modification, and modification of alternative splicing genes, as well as the regulation of gene expression, lncRNAs have emerged as important factors contributing to the development and progression of various diseases (Esteller, 2011; Schonrock et al., 2012; Beermann et al., 2016; Gu et al., 2018; Zhang et al., 2019a). As a benefit from the advance of next‐generation sequencing technology, a limited number of sepsis-associated lncRNAs had been identified (Cui et al., 2014; Du et al., 2017; Pellegrina et al., 2017; Zhang et al., 2019b; Bai et al., 2020). Geng et al. (Geng et al., 2019) demonstrated that lncRNA MALAT1 expression was elevated in adults with sepsis and suggested lncRNA MALAT1 could be developed as a potential biomarker for facilitating diagnosis and management in sepsis. Likewise, high lncRNA NEAT1 expression showed close correlation with increased disease risk, enhanced severity, and higher 28-day mortality in sepsis (Yang et al., 2020). Bai et al. (Bai et al., 2020) also identified four pediatric sepsis-associated lncRNAs, including RP11-1220 K2.2.1–7, ANXA3–2, TRAPPC5–1, and ZNF638–1. These lncRNAs were significantly highly expressed in septic children and could be novel biomarkers for pediatric sepsis. As is well known, lncRNAs can interact with miRNAs or mRNAs to involve in the pathogenesis of diverse diseases. Wei et al. (Wei et al., 2020) provided experimental evidence that the upregulation of lncRNA NEAT1 could interact with miR-144-3p to aggravate sepsis-induced myocardial cell injury through the NF-κB signaling pathway. Significantly, Cheng and his colleagues (Cheng et al., 2020) recently found five lncRNAs (FENDRR, MALAT1, TUG1, CRNDE, and ANCR) were correlated with sepsis-associated mRNA modules perhaps by acting as competing endogenous RNAs (ceRNAs). However, there have been only limited studies to investigate the lncRNA–mRNA expression network in sepsis, and the roles of sepsis-associated lncRNAs have not been fully elucidated, which may impede further study on the complex molecular mechanism of this deadly disease.
In the present study, our objectives are to 1) profile the differentially expressed (DE) lncRNAs and mRNAs expressed in sepsis based on a public RNA-seq data, 2) construct a novel co-expression network for DElncRNAs and DEmRNAs, 3) predict the target genes of trans- and cis-acting lncRNAs and their functions, and 4) identify some potential key pairs of lncRNAs and trans-targets in blood samples from septic patients for a future study of sepsis. These findings will contribute to a comprehensive understanding of the involvement of lncRNAs in sepsis and provide potential candidate lncRNAs for the diagnosis and treatment of sepsis.
MATERIALS AND METHODS
Retrieval and Processing of Public Data
Public sequence data files of GSE63311 deposited by Pena et al. (Pena et al., 2014) were downloaded from the Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/geo/). The GSE63311 dataset contains 83 RNA-seq samples in whole blood cells from 11 healthy controls and 72 suspected septic patients, who were retrospectively classified as “sepsis (n = 37)” and “no_sepsis (n = 35).” SRA run files were converted to fastq format with NCBI SRA Tool fastq-dump. The raw reads were trimmed of low-quality bases using a FASTX-Toolkit (v.0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/). Finally, the clean reads were evaluated using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Reads Alignment and Differentially Expressed Gene Analysis
The high-quality clean reads were aligned to a complete human genome (GRCH38) by TopHat2 (Kim et al., 2013), allowing four mismatches. Uniquely mapped reads were ultimately used to calculate read number and reads per kilobase of exon per million fragments mapped (RPKM) for each gene. The expression levels of genes were evaluated using RPKM. The software edgeR (Robinson et al., 2010) was applied to screen the RNA-seq data for the differential expression of genes (DEGs). The results were analyzed based on the fold change (FC ≥ 2 or ≤ 0.5) and the false discovery rate (FDR ≤ 0.05) to determine whether a gene was differentially expressed.
LncRNA Prediction and Direction Identification
To systematically analyze the lncRNA expression pattern, we used a pipeline for lncRNA identification similar as previously reported (Liu et al., 2017), which was constructed based on the cufflink software (Trapnell et al., 2012). All steps of the pipeline have been shown in Figure 1A.
[image: Figure 1]FIGURE 1 | A comprehensive catalog and expression analysis of lncRNA genes in sepsis, no_sepsis, and control specimens. (A) Flowchart illustrated the experimental design and bioinformatic analysis pipeline for the identification and functional annotation of lncRNA genes expressed in sepsis, no_sepsis, and control specimens. (B) Venn diagram showed all the detected and overlapped lncRNAs in sepsis, no_sepsis, and control specimens. LncRNAs that have RPKM >= 0.2 in no less than two samples were considered as expressed in the group. (C) Principal component analysis (PCA) showed the distribution of all sepsis, no_sepsis, and control specimens based on the normalized expression level of all detected lncRNAs. The samples were grouped by Flowchart the disease state, and the ellipses for each group represent the confidence ellipse. (D) Volcano plot showed the distribution of DElncRNAs in the sepsis group compared with the no_sepsis group. Red and blue points indicate upregulated (FC > 2 and FDR < 0.05) and downregulated (FC < 0.5 and FDR < 0.05) genes, respectively. Black points indicated non-DElncRNAs. (E) Bar plot showed the number of upregulated (red) and downregulated (blue) DElncRNAs from the three comparison pairs. (F) Hierarchical clustering heatmap showed the normalized expression pattern of all DElncRNAs identified in (E). (G) Box plot showed the expression levels of lncRNA MATLA1 and TUG1 in the RNA-seq dataset used in this study.
WGCNA and Co-Expression Analysis
To fully understand the gene expression pattern and to cluster genes that have similar expression pattern with default parameters, we applied weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 2008). All expressed genes were used as input data. Eigengenes for each clustering module were used as the representative expression pattern of genes in each module. To explore the regulatory mode between lncRNAs and their host mRNAs, we calculated Pearson’s correlation coefficients (PCCs) between them and classified their relation into three classes: positive correlated, negative correlated, and non-correlated, based on the PCC value. p-value < 0.01 and absolute PCC > 0.6 between lncRNAs and mRNAs were picked out to draw networks by program Cytoscape (Shannon et al., 2003).
Functional Enrichment Analysis
To sort out functional categories of DEGs, Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified using KOBAS 2.0 server (Xie et al., 2011). The hypergeometric test and the Benjamini–Hochberg false discovery rate (FDR) controlling procedure were used to define the enrichment of each term. Reactome (http://reactome.org) pathway profiling was also used for functional enrichment analysis of the sets of selected genes.
Other Statistical Analysis
Principal component analysis (PCA) was performed by R package factoextra (https://cloud.r-project.org/package=factoextra) to show the clustering of samples with the first two components. After normalizing the reads by TPM (tags per million) of each gene in samples, in-house script (sogen) was used for visualization of next-generation sequence data and genomic annotations. The pheatmap package (https://cran.r-project.org/web/packages/pheatmap/index.html) in R was used to perform the clustering based on Euclidean distance. Student’s t test was used for comparisons between two groups.
Validation of Gene Expression in RNA-Seq by qRT-PCR Analysis
In this study, to evaluate the validity of the lncRNA–mRNA expression changes in RNA-seq data, qRT-PCR was performed for the selected DElncRNAs and DEmRNAs. Whole blood samples were obtained from 19 healthy controls and 23 septic patients (Table 1 and Supplementary Table 1) in our hospital, which is a tertiary academic medical center with about 5,000 beds. This process was approved by the Ethics Committee of Henan Provincial People’s Hospital, as well as the agreement of all volunteers. We have strictly kept the standard biosecurity and institutional safety procedures in our country and area (Biosecurity Law of People’s Republic China). All the blood samples were processed immediately after collection for the isolation of peripheral blood mononuclear cells (PBMCs), which were stored at −80°C before RNA extraction.
TABLE 1 | Clinical characteristics of the sepsis and control groups used in qRT-PCR validation.
[image: Table 1]First, total RNA from individuals subjected to sepsis (n = 23) and controls (n = 19) was extracted from PBMCs using the TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The RNA integrity of each sample was estimated using a 1.5% agarose gel electrophoresis and quantified by spectrometer. Then, 10 μg of the purified RNA was reverse-transcribed and taken for complementary DNA by PrimeScript RT Reagent Kit (Takara). Subsequently, qRT-PCR was conducted by using TB Green Fast qPCR Mix (Takara), specific primers (Table 2), and the following amplification conditions: denaturing at 95°C for 30 s, followed by 40 cycles of denaturing at 95°C for 10 s, and annealing and extension at 60°C for 30 s. Relative gene expression was determined by employing the 2−ΔΔCT method and normalized against GAPDH. The Mann–Whitney U test was carried out to determine the expression difference between sepsis and control group. Statistical analyses were carried out using GraphPad Prism software (Mitteer et al., 2018). All p-values are two-sided. p < 0.05 was considered as statistically significant.
TABLE 2 | Primer sequences used for qRT-PCR analysis.
[image: Table 2]RESULTS
Genome-wide Profiling of the lncRNA Expression Associated with Sepsis
To investigate the expression change and molecular functions of lncRNAs in sepsis, we utilized the transcriptome sequencing data (RNA-seq) from 83 whole blood specimens (Pena et al., 2014), including 37 septic patients, 35 no_sepsis patients by final diagnosis, and 11 healthy controls. After obtaining the quality filtered reads, we aligned them to the human GRCH38 genome by TopHat2 (Kim et al., 2013). LncRNA prediction and functional analysis pipeline were conducted following a published method (Liu et al., 2017), which was illustrated in Figure 1A. After predicting novel lncRNAs and obtaining the expressed lncRNAs, we found the known lncRNAs occupied the most part of all lncRNAs (Supplementary Figures 1A,B). Most of the novel predicted lncRNAs were detected in all the three groups (Supplementary Figure 1A). Finally, we detected 1,218, 4,180, and 4,322 lncRNAs from control, no_sepsis, and sepsis groups, respectively. By comparing the exon number of lncRNAs and mRNAs, we found more than 90% of novel lncRNAs only had one exon, which was distinct from known lncRNAs and mRNAs (Supplementary Figure 1B). Length distribution analysis of lncRNAs and mRNAs also revealed the feature of lncRNAs that were shorter than mRNAs (Supplementary Figure 1C). We found 1,162 lncRNAs were detected in all the three groups, while only 10 specific lncRNAs were detected in the control group. Although a total of 3,164 lncRNAs were shared by the two sick groups, 982 and 1,146 lncRNAs were specifically detected in no_sepsis and sepsis groups, respectively (Figure 1B), indicating that lncRNAs were globally activated in sepsis and could distinguish sepsis from no_sepsis at initial clinical presentation.
To further explore the expression features of lncRNAs from these three groups, we performed principal component analysis (PCA) for both lncRNAs and mRNAs. Based on the expressed lncRNAs, we found sepsis and control specimens could be separated by the second component, while no_sepsis samples were in the middle (Figure 1C). Analysis based on the expressed mRNAs also showed similar results with lncRNAs (Supplementary Figure 1D), suggesting that the transcriptome profile was significantly changed between control/no_sepsis and sepsis specimens. We then performed differentially expressed lncRNA (DElncRNA) analysis for these three groups by edgeR (Robinson et al., 2010) with |log2 fold change| > 1 and a false discovery rate (FDR) < 0.05 as the criteria. By presenting the DElncRNA results between sepsis and no_sepsis, we found the upregulated DElncRNAs in sepsis were dominant (Figure 1D). DElncRNA statistical results also showed lncRNAs were globally upregulated in sepsis specimens, as well as no_sepsis specimens when compared with control (Figure 1E). Heatmap presentation of all the DElncRNAs also revealed the higher expression level of lncRNAs in sepsis and no_sepsis specimens (Figure 1F). In one previous study, five lncRNAs, including FENDRR, MALAT1, TUG1, CRNDE, and ANCR, were associated with sepsis (Cheng et al., 2020). We then analyzed their expression level in this dataset. Only MALAT1 and TUG1 were detected (RPKM > 0.2 in at least two samples of one group) in the RNA-seq data, and their expression levels were significantly different between no_sepsis and sepsis samples (Figure 1G). These results together indicated that lncRNAs were globally activated and showed distinct expression pattern in patients with sepsis.
Co-Expression Analysis Between lncRNAs and mRNAs Revealed the Regulation Functions in a Trans Manner
To further explore the functions of DElncRNAs in sepsis, we performed co-expression analysis between lncRNAs and mRNAs based on the concept that genes with a correlated expression pattern may have similar functions or be regulated with each other in a trans manner. Pearson’s correlation coefficients (PCCs) were calculated between DElncRNAs and DEmRNAs for each pair. p-value < 0.01 and absolute PCC > 0.6 were set as the criteria to predict lncRNA–mRNA pairs. Functional analysis of co-expressed DEmRNAs was performed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. As a background, we first analyzed the DEmRNA–DEmRNA pairs and explored their functions. The results revealed immune response– and T-cell stimulation–related terms were enriched, which could represent the function of DEmRNAs (Supplementary Figure 2A). We finally obtained 241 lncRNA–mRNA pairs in sepsis vs. no_sepsis groups, including 35 DElncRNAs and 124 DEmRNAs. By plotting the co-expressed DEmRNA number and enrichment of DElncRNAs, we found several DElncRNAs were highly enriched (>2) and abundantly co-expressed with DEmRNAs (>10 DEmRNAs), including LINC00861, CTB-61M7.2, RP1-78O14.1, RP11-703G6.1, and RP11-291B21.2 (Figure 2A). We found that co-expressed DEmRNAs were particularly enriched in T-cell activation– and immune response–related GO biological process (BP) terms (Figure 2B). KEGG enrichment analysis also revealed similar functional pathways (Supplementary Figure 2B). To find out the details of the lncRNAs co-expressed with mRNAs in Figure 2B, we generated a regulatory network between DElncRNAs and DEmRNAs using Cytoscape software (Shannon et al., 2003). We found 13 DElncRNAs and 46 DEmRNAs participated in the T-cell activation and immune response network (Figure 2C). Specially, lncRNA LINC00861 was co-expressed with the most DEmRNAs in the T-cell activation and immune response network (Figure 2C). Using the same methods, we explored the DElncRNA–DEmRNA pairs and their functions in sepsis vs. control groups (Supplementary Figure 2C). Functional analysis of the co-expressed DEmRNAs in sepsis vs. control also revealed the T-cell activation– and immune response–related terms (Supplementary Figure 2D). Several lncRNAs, including CTB-61M7.2, LINC00861, and RP11-284N8.3, were detected in sepsis vs. no_sepsis and sepsis vs. control groups. We then plotted the expression level of the lncRNA–mRNA pair of CTB-61M7.2-ACSL1 in these three groups and found they were significantly upregulated in sepsis specimens compared with control and no_sepsis (Figure 2D), whereas the two RP11-284N8.3-CD2 and LINC00861–IL7R pairs were significantly downregulated in sepsis (Figure 2D). Taken together, these results suggested DElncRNAs in sepsis have potential roles in regulating the expression of genes involved in T-cell activation and immune response functions.
[image: Figure 2]FIGURE 2 | Co-expression network illustration between DElncRNAs and DEmRNAs. (A) Scatterplot showed the relationship between enrichment scores and co-expressed DEmRNA numbers of DElncRNAs in sepsis compared with no_sepsis samples. Red points denote upregulated lncRNAs involved in co-expression pairs, and blue points denote downregulated lncRNAs. Cutoffs of p-value < 0.01 and Pearson’s coefficient > 0.6 were applied to identify the co-expression pairs. (B) Bar plot showed the top 10 most enriched GO terms (biological process, BP) of the DEmRNAs co-expressed with DElncRNAs. (C) Co-expression network showed the interaction between DElncRNAs and DEmRNAs that were involved in the top 10 GO BP terms showed in (B). DElncRNAs were on the left panel, their co-expressed DEmRNAs were in the center panel, and the DEmRNA-enriched GO BP terms were on the right panel. (D) Box plot showed the expression pattern of three lncRNA–mRNA pairs (CTB-61M7.2-ACSL1, RP11-284N8.3-CD2, and LINC00861-IL7R) from RNA-seq analysis results (GSE63311). (E) Bar plot showed the validation results of the three lncRNA–mRNA pairs in (D) by qRT-PCR experiment. ***p < 0.001, two-tail unpaired t-test.
Validation of lncRNA-Regulated Gene Expression Network by qRT-PCR
To validate the reliable expression changes of the sepsis-associated lncRNAs participated in trans-regulation detected in GSE63311 RNA-seq data, the three DElncRNAs (CTB-61M7.2, RP11-284N8.3, and LINC00861) and three highly co-expressed DEmRNAs (ACSL1, CD2, and IL7R) in the co-expression network (Figure 2C) were further selected for qRT-PCR validation using the blood samples collected from 19 normal controls and 23 patients with sepsis. The independent validation samples were chosen with matched gender information between control and sepsis individuals (Table 1 and Supplementary Table 1), while the age difference between control and sepsis samples was significant because of the unobtainable reason of old and healthy individuals in a short time. As presented in Figure 2E, the expression levels of the RP11-284N8.3-CD2 and LINC00861-IL7R in sepsis group were significantly lower than those of control group, whereas the CTB-61M7.2-ACSL1 was significantly upregulated in sepsis vs. control groups (p < 0.001 respectively). The qRT-PCR results were consistent to those acquired from RNA-seq in GSE63311 (Figure 2D), suggesting that expression levels of the three lncRNAs (CTB-61M7.2, LINC00861, and RP11-284N8.3) were changed in septic patients, and could be potential novel biomarkers and targets for facilitating diagnosis and management in sepsis.
Details of these results are provided in Supplementary Table 2.
WGCNA Analysis of lncRNA–mRNA Co-expression Modules
Besides co-expression analysis, weighted gene co-expression network analysis (WGCNA) is another powerful method to decipher the underlying regulatory network between lncRNAs and mRNAs (Langfelder and Horvath, 2008). We combined the expression file of DElncRNAs and DEmRNAs together to perform WGCNA to obtain nine consistent expression modules, which contained 65 to 5,175 genes. Hierarchical clustering dendrogram showed the smaller distance within modules (Supplementary Figure 3A). Then module-trait association analysis was performed to explore the correlation between modules and specimen groups (trait). We found four modules, including black, blue, brown, and green, were significantly associated with the three groups. Green and brown modules were positively associated with the control group, while black and blue modules were positively associated with the no_sepsis group. All the four modules were negatively associated with sepsis group (Figure 3A). Eigengene bar plot presentation of these four modules showed higher expression level in no_sepsis group for black, blue, and brown modules, and higher expression level in control group for green module (Supplementary Figure 3B–E). We then calculated the fold change of lncRNAs and mRNAs from these four modules in sepsis vs. control groups. For black, blue, and brown modules, the log2 FC values of lncRNAs and mRNAs were both under zero. For green module, the log2 FC values of lncRNAs and most of the mRNAs were above zero (Figure 3B), demonstrating the distinct expression pattern among modules. We then integrated the co-expression results and functional analysis to identify the potential functions of lncRNAs in sepsis-associated modules. The regulatory network in black module revealed that five hub lncRNAs were co-expressed with ten mRNAs. Platelet degranulation and blood coagulation related functions were significantly enriched in black module (Figure 3C). For the blue module, mRNA metabolic process and translation-associated functions were enriched. Co-expression network including 5 hub lncRNAs and 10 mRNAs was shown in Figure 3D. The green module that was presented by three hub lncRNA and ten mRNA networks was enriched in the apoptotic process, protein ubiquitination, and cell cycle arrest–related functions (Figure 3E). The brown module that was presented by five hub lncRNAs, and ten mRNAs network was enriched in translation, respiratory electron transport chain, and gene expression related functions (Figure 3F). From the WGCNA results, we detected sepsis-associated modules that contained lncRNAs and mRNAs with specific functions, which perhaps influences the development of sepsis.
[image: Figure 3]FIGURE 3 | WGCNA analysis presentation of all expressed lncRNAs and mRNAs. (A) Heatmap plot showed the module-trait associations by a linear mixed effect (LME) model. Sample factors on the x axis were used as covariates. All Pearson’s correlation coefficient (PCC) values and statistical p-values (in the brackets) were displayed. Module-trait associations with p-values < 0.5 were framed with blue box. (B) Box plot showed the expression fold changes (sepsis vs. control group) of mRNAs and lncRNAs from the four disease-associated modules. (C–F) LncRNA–mRNA interaction network and enriched functional pathways showed the top hub lncRNA and mRNA interaction along with the enriched GO BP terms of the four modules, MEblack (C), MEblue (D), MEgreen (E), and MEbrown (F). Orange circles indicate lncRNAs and light blue circles indicate mRNAs.
Cis-Acting Analysis of lncRNA Regulation in Sepsis
Previous studies have confirmed that many lncRNAs regulate the expression of neighboring protein-coding genes through cis-acting mechanisms. These cis-acting lncRNAs recruit various transcription factors or chromatin remodeling complexes to change the transcription status of nearby genes. Accordingly, the expression levels between those lncRNAs and their neighboring genes are highly correlated. To test whether the DElncRNAs identified in sepsis behave in a similar way, a total of 233 DElncRNAs, together with 238 mRNAs in the upstream or downstream 10 kb range of DElncRNAs, were selected and subjected to co-expression analysis. Finally, 21 lncRNA–mRNA pairs with p-value < 0.01 and absolute PCC > 0.6, probably associated with cis-acting regulation, were identified in sepsis vs. control groups. Surprisingly, the expression level of these DElncRNAs with FC > 2 were positively associated with those of DEmRNAs (Figure 4A), suggesting lncRNAs might function as a positive regulator of mRNAs with significant co-expression in the development of sepsis. Subsequently, functional enrichment analysis was performed for the DEmRNAs highly co-expressed with DElncRNAs by sepsis compared with control samples, and they were significantly enriched in fatty acid metabolism and granulopoiesis related GO reactome terms (Figure 4B). We also analyzed these DEmRNAs cis-regulated by DElncRNAs using the KEGG pathway (Figure 4C). The most highly represented pathways included fatty acid biosynthesis, degradation, and metabolism. Together, these findings strongly indicated that the cis-acting lncRNAs might play major roles in regulation of their adjacent genes related to fatty acid metabolism and granulopoiesis in response to sepsis. Future studies to elucidate the connection between the lncRNA-neighboring gene pairs are essential to understand the working mechanism of these lncRNAs.
[image: Figure 4]FIGURE 4 | DElncRNAs and their potential mRNA targets by cis-regulatory prediction. (A) Scatterplot showed the log2 fold change (log2 FC) correlation between DElncRNAs and their cis-regulatory genes in sepsis vs. control samples. Dotted black line indicated the 45° line. (B) Bubble plot showed the top nine most enriched Reactome pathways of DElncRNA cis-regulated genes. (C) Bubble plot showed the top 10 most enriched KEGG pathways of DElncRNA cis-regulated genes.
DISCUSSION
Sepsis, severe life-threatening infection with multi-organ dysfunction, initiates a complex immunopathogenic process that involves both innate and adaptive immune cells. In a real sense, sepsis can be considered a race to the death between the pathogens and the host immune system. With the development of sequencing technology, previous studies have demonstrated that the activation of immune cells by pathogens leads to rapid and dynamic changes in gene expression aimed at combating the infection. Notably, lncRNAs are linked and appear as a variational trend during the pathogenesis of sepsis. However, only a few studies have investigated the relationship between lncRNAs and sepsis, and the roles of lncRNAs in sepsis has not been fully elucidated. Future studies are required to investigate how lncRNAs influence sepsis and regulate the exact molecular signaling pathways, as well as to discover candidate lncRNAs for diagnosis and treatment.
In the present study, a total of 9,720 lncRNAs were detected in the RNA-seq data from 83 whole blood specimens, including 37 septic patients, 35 no_sepsis patients, and 11 healthy controls. Of these, 1,146 lncRNAs were specifically detected in sepsis groups, suggesting that lncRNAs were globally activated in sepsis samples. Previous studies have suggested that lncRNAs may be potential biomarkers for prognosis of sepsis, such as lncRNAs MALAT1, NEAT1, RP11-1220 K2.2.1–7, ANXA3–2, TRAPPC5–1, and ZNF638–1 (Chen et al., 2018a; Geng et al., 2019; Bai et al., 2020), which have been introduced in introduction. Herein, the PCA result showed sepsis and control specimens could be separated by the second component, providing the solid evidence that lncRNAs could be diagnostic biomarkers to distinguish sepsis from no_sepsis and control specimens.
Emerging evidences have demonstrated that lncRNAs can act in a trans manner to affect the expression of genes located far away (Huarte et al., 2010; Fukuda et al., 2019). Therefore, in this study, a co-expression network analysis was performed to predict the functions of lncRNAs based on the enriched functions of their co-expressed genes. Totally, 44 DElncRNAs, together with 162 co-expressed DEmRNAs, were identified in sepsis, no_sepsis, and control groups. Enrichment analysis revealed that these trans-acting lncRNAs were mainly involved in T-cell activation and immune response–related terms, which were well known to be associated with occurrence and development of sepsis (van der Poll et al., 2017). Importantly, we identify three potential key pairs of lncRNAs and target mRNAs, including LINC00861-IL7R, RP11-284N8.3-CD2, and CTB-61M7.2-ACSL1, which were detected ubiquitously in three groups. IL-7R is the receptor of IL7, and the involvement of IL7 in sepsis is well recognized (Guimond et al., 2009; Mackall et al., 2011; Hotchkiss et al., 2013; Cui et al., 2014; Cruz-Zárate et al., 2018). IL7R can mediate the effects of IL7, which is indispensable for the growth, differentiation, and effector functions of T cells (Kalman et al., 2004; Cruz-Zárate et al., 2018). McGlynn et al. (Unsinger et al., 2010) showed that the increased IL7R expression in T cells likely serves to enhance IL7’s effect and improves survival in sepsis, suggesting that IL7R is a crucial T-cell developmental pathway. Prior studies had showed that lncRNA LINC00861 was related to cancers (Zhang et al., 2017; Lv et al., 2018; Zheng et al., 2020; Liu et al., 2021), chronic obstructive pulmonary disease (Qian et al., 2018), atrial fibrillation (Ruan et al., 2020), and Parkinson’s disease (Lei et al., 2020; Liu et al., 2021). Our works strongly suggested that the deregulation of lncRNA LINC00861 correlated with IL7R might promote sepsis development through mediating functions of T cells. Similar to the pair of LINC00861–IL7R, we found the expression levels of RP11-284N8.3-CD2 in the sepsis group were significantly lower than those of control and no_sepsis groups. CD2 is a transmembrane glycoprotein of the immunoglobulin superfamily expressed on virtually all T and natural killer cells (McNerney and Kumar, 2006; Binder et al., 2020). It is known to participate in a co-stimulatory pathway of T-cell activation (Suthanthiran, 1989; Erben et al., 2015). CD2 plays an important role in NK cell conjugation to target cells as well (McNerney and Kumar, 2006; Paul and Lal, 2017). This result suggested that lncRNA RP11-284N8.3 could play a role in sepsis. Up to now, there is no report on this novel lncRNA in any disease, and our work filled the gap in knowledge of lncRNA RP11-284N8.3. Instead, we observed that the lncRNA–mRNA pair of CTB-61M7.2-ACSL1 was significantly upregulated in sepsis specimens compared with control and no_sepsis. ACSL1, a main member of long-chain acyl-CoA synthetases (ACSL) family, is an enzyme that converts fatty acids to acyl-CoA-derivatives for use in both lipid catabolism and lipid synthesis (Mashek et al., 2007). Besides exerting a role in the pathogenesis to fatty liver disease, obesity, atherosclerosis, diabetes, neurological disorders, and specific types of cancer (Yan et al., 2015), ACSL1 palys a likely role in driving inflammasome-mediated release of pro-inflammatory factors by neutrophils during sepsis, based on both profiling of the literature (Al-Rashed et al., 2019; Kalugotla et al., 2019; Roelands et al., 2019) and transcript co-expression analysis (Cheng et al., 2016). Taken together, these results indicated that the trans-acting DElncRNAs of the co-expression network involved in the pathogenesis of sepsis mainly through participating in T cell activation and immune response. In addition, significantly different expressions between sepsis patients and controls were validated by qRT-PCR for the aforementioned three pairs of lncRNAs–mRNAs, validating the results acquired from RNA-seq data. Although we validated their expression with not so large samples (23 sepsis vs. 19 controls), their expression difference was significant and consistent compared with the published dataset. Another shortage of validation is the age difference between sepsis and control samples as sepsis is an age-associated disease (Starr and Saito, 2014), which could be remedied by providing age matched samples in future study. These results suggest that lncRNAs LINC00861, RP11-284N8.3, and CTB-61M7.2 could be potential candidates as biomarkers for sepsis and need to be further evaluated and investigated using more clinical samples and advanced diagnostic methods to put forward their clinical values.
LncRNAs can also execute their functions in cis-acting to regulate the expression of their adjacent genes (Ding et al., 2019). Notably, Pellegrina et al. (Pellegrina et al., 2017) did not observe any significant association between the expression of lncRNAs and neighboring DEmRNAs in sepsis. Besides, Cui et al. (Cui et al., 2014) determined whether lncIL7R regulates lipopolysaccharide (LPS)-induced inflammatory response via cis-regulating the expression of IL7R, the coding gene that overlaps with lncIL7R. However, lncIL7R appeared to function independently of IL7R in regulation of inflammatory response to LPS. Here, we identified a total of 16 cis-acting lncRNA–mRNA pairs in sepsis vs. control groups. These lncRNAs might function as a positive regulator of mRNAs, which were mainly involved in fatty acid metabolism and granulopoiesis process (Paudel et al., 2019; Brook et al., 2020), closely related to sepsis (Chen et al., 2018b; Das, 2019; Pradelli et al., 2020). Determining novel cis-acting sepsis-associated lncRNAs is an interesting issue that is worth pursuing in the future.
CONCLUSION
In summary, we identified a set of differentially expressed lncRNAs and mRNAs in patients with sepsis. The co-expression network of these lncRNAs and mRNAs was constructed to explore functions of DElncRNAs; the results of which suggested that lncRNAs in the co-expression network were involved in the pathogenesis of sepsis. Combining with bioinformatic analysis, literature reports, and sample verification, we have screened three potential key pairs of lncRNA and target mRNA, and hypothesized that these potential key lncRNAs may trans-act with their corresponding coding genes to regulate T-cell activation and immune response. However, further studies should be carried out to verify the association between these lncRNAs and target mRNAs, and whether these lncRNA–mRNA axes play an important role in the development of sepsis.
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Ulcerative colitis (UC) is characterised by chronic, relapsing, idiopathic, and multifactorial colon inflammation. Recent evidence suggests that mitochondrial dysfunction plays a critical role in the onset and recurrence of this disease. Previous reports highlighted the potential of short-chain quinones (SCQs) for the treatment of mitochondrial dysfunction due to their reversible redox characteristics. We hypothesised that a recently described potent mitoprotective SCQ (UTA77) could ameliorate UC symptoms and pathology. In a dextran sodium sulphate- (DSS-) induced acute colitis model in C57BL/6J mice, UTA77 substantially improved DSS-induced body weight loss, disease activity index (DAI), colon length, and histopathology. UTA77 administration also significantly increased the expression of tight junction (TJ) proteins occludin and zona-occludin 1 (ZO-1), which preserved intestinal barrier integrity. Similar responses were observed in the spontaneous Winnie model of chronic colitis, where UTA77 significantly improved DAI, colon length, and histopathology. Furthermore, UTA77 potently suppressed elevated levels of proinflammatory cytokines and chemokines in colonic explants of both DSS-treated and Winnie mice. These results strongly suggest that UTA77 or its derivatives could be a promising novel therapeutic approach for the treatment of human UC.
Keywords: cytokines, endoplasmic reticulum stress, inflammatory bowel disease, naphthoquinones, tight junction proteins
INTRODUCTION
Ulcerative colitis (UC) and Crohn’s disease (CD) are the two basic forms of inflammatory bowel disease (IBD). Despite the unclear aetiology, environmental and genetic factors are known risk factors associated with the initiation of IBD (Khor et al., 2011). IBD patients usually present with clinical manifestations of bloody stool, diarrhoea, abdominal pain, fatigue, and body weight loss. Patients are also often at higher risk of developing extraintestinal diseases (spondylitis and cholangitis), colorectal cancer if left untreated, and other inflammatory diseases such as multiple sclerosis, bronchitis, renal diseases, and asthma (Bernstein et al., 2001; Bernstein et al., 2005; Lakatos et al., 2006). Current treatment approaches of IBD include the use of corticosteroids, biologicals, 5-aminosalicylates, and immunomodulators. However, none of these approaches are curative but are associated with a risk of adverse events such as steroid dependency, infertility, blood disorders, and liver diseases (Faubion et al., 2001; Carty and Rampton, 2003; Rutgeerts et al., 2005; Govani and Higgins, 2010; Stallmach et al., 2010; Oz et al., 2013). The limitations of current IBD therapies highlight the need to identify and test novel therapeutic strategies that aim to target causative pathophysiological pathways. Recently, advances in understanding the pathogenesis of UC support a pathophysiological circuit that involves reduced intestinal barrier integrity, dysregulated immune response, endoplasmic reticulum stress (ER stress), oxidative stress, and mitochondrial dysfunction, which cooperatively initiate and sustain the inflammation of the gut (Ott et al., 2004; Cobrin and Abreu, 2005; Targan and Karp, 2005; Gaya et al., 2006; Kaser and Blumberg, 2009; Tian et al., 2017; Holmberg et al., 2018). This new understanding opens the door to identify new therapeutic targets for the treatment of UC that interferes with one or several of the components of this vicious pathological cycle.
Several studies independently delineated the role of mitochondrial dysfunction in UC patients and in animal models of intestinal inflammation (Delpre et al., 1989; Söderholm et al., 2002; Nazli et al., 2004; Rodenburg et al., 2008; Dashdorj et al., 2013; Ho et al., 2018). Although the exact underlying mechanism for the mitochondrial dysfunction in the pathogenesis UC is unclear, it was suggested that abnormal mitochondrial morphology, oxidative stress, ER stress, and the presence of hypoxia play key roles. It was also established that maintenance of intestinal barrier integrity by tight junction (TJ) proteins is an energy-dependent process that requires mitochondrial adenosine triphosphate (ATP) (Roediger, 1980; Lewis and McKay, 2009). However, in UC, low levels of mitochondrial ATP synthesis in the intestinal mucosa (Kameyama et al., 1984; Schürmann et al., 1999) therefore can reduce the expression of TJ proteins, which disrupts barrier integrity and eventually leads to intestinal inflammation (Wang et al., 2014). Furthermore, mitochondria-derived oxidative stress in the intestinal epithelium significantly contributes to the progression of UC (Zhang et al., 2012; Wang et al., 2014; Tian et al., 2017). Mucosal inflammation decreases oxygen availability to intestinal epithelial cells to create a pathological state of hypoxia (Shah, 2016). Prolonged hypoxia further increases the production of mitochondrial reactive oxygen species (ROS) and proinflammatory cytokines in colitis (Shah, 2016). Excessive oxidative stress further destabilises mitochondria and damages DNA, protein, and lipids in the colonic plasma, which was demonstrated in tissues of colitic patients and preclinical mouse models of colitis (Du et al., 1998; Farhadi et al., 2005; Rezaie et al., 2007; Biasi et al., 2013; Dashdorj et al., 2013; Boyapati et al., 2018; Shastri et al., 2020a). Based on the tight functional and spatial interactions between mitochondria and endoplasmic reticulum (Giorgi et al., 2009), the presence of ER stress in goblet cells was confirmed in preclinical and clinical studies (Shkoda et al., 2007; Heazlewood et al., 2008; Kaser et al., 2008). In addition, ER stress was reported to play a significant role in the inflammatory process of UC (Heazlewood et al., 2008; Kaser et al., 2008; Das et al., 2013; Cao et al., 2016). A fragmented ER along with deteriorating mitochondria implicates both mitochondrial dysfunction and aberrant ER stress in the pathological cascade of UC (Cao et al., 2014). Many clinical and preclinical studies have described the altered secretion of cytokines by immune cells as a causative factor in the pathogenesis of UC (Powrie et al., 1994; Strober et al., 2002; Duerr et al., 2006; Alex et al., 2008; Franke et al., 2008; Strober and Fuss, 2011; Pearl et al., 2013; Nemeth et al., 2017), where mitochondrial function regulates the release proinflammatory cytokines such as interleukin beta and 18 (IL-1β and IL-18) through inflammasome activation (Dashdorj et al., 2013; Guo et al., 2015; Novak and Mollen, 2015). Therefore, simultaneous targeting of all pathophysiological factors by pharmacological targeting of mitochondrial function could be a promising new therapeutic approach for the treatment of UC.
Naphthoquinones, occurring either naturally or as synthetic derivatives, are gaining wider attention due to their mitoprotective, antioxidant, anticancer, and antiparasitic properties (Pinto and de Castro, 2009; Vos et al., 2012; Rahn et al., 2014; Pereyra et al., 2019). Natural naphthoquinones have been reported to possess potent anti-inflammatory properties (Andújar et al., 2012; Fan et al., 2013; Pile et al., 2013; Lomba et al., 2017; Sun et al., 2019). As such, 1,4-naphthoquinones inhibited tumor necrosis factor-alpha (TNF-α) in lipopolysaccharide- (LPS-) induced acute inflammation in mice and proved to be more potent than benzoquinones (Kobayashi et al., 2011). The derivatives of 1,4-naphthoquinones also reduced the expression of IL-1β, interleukin 6 (IL-6), and TNF-α in a murine macrophage cell line (Liu et al., 2020). The naphthoquinone shikonin and its derivatives attenuated inflammation by reducing IL-6, TNF-α, and IL-1β levels in the colon and serum of colitic mice (Andújar et al., 2012). Furthermore, shikonin also protected TJ proteins occludin and claudin-1 and preserved the intestinal barrier integrity in DSS-induced colitis (Andújar et al., 2012). In addition to its anti-inflammatory property, shikonin also suppressed ER stress in isoproterenol-induced heart injury (Yang et al., 2017), while another naphthoquinone, plumbagin, inhibited intestinal inflammation by downregulating proinflammatory cytokines, which was associated with improved disease histology (Pile et al., 2013). Recently, more than 148 novel naphthoquinones derivatives of short-chain quinones (SCQs) have been synthesised and screened in vitro for their cytoprotective activity against mitochondrial dysfunction (Woolley et al., 2019). Among them, 16 amide-linked naphthoquinones showed high metabolic stability, low toxicity, and better cytoprotection in vitro (Woolley et al., 2019; Feng et al., 2020a; Feng et al., 2020b). Indeed, one of the newly synthesised naphthoquinones (UTA77) restored vision loss in vivo in mitochondrial dysfunction-related pathology, i.e., diabetic retinopathy (Daniel et al., 2021).
We previously showed that a benzoquinone-based SCQ (idebenone) (Figure 1A) ameliorated intestinal inflammation by exerting antioxidant and anti-inflammatory effects in models of acute and chronic colitis (Shastri et al., 2020a; Shastri et al., 2020b). Therefore, this study hypothesised that a newly developed mitoprotective naphthoquinone-based SCQ (UTA77) (Figure 1B) could be an effective therapeutic drug candidate to combat intestinal inflammation by simultaneously targeting multiple pathophysiological factors.
[image: Figure 1]FIGURE 1 | Molecular structures of short-chain quinones (SCQs). (A) Benzoquinone idebenone and (B) novel naphthoquinone UTA77.
For the first time, this study utilised two validated mouse models of UC (DSS-induced acute colitis model and Winnie mouse model of spontaneous chronic colitis), to assess the therapeutic potential of a novel mitoprotective naphthoquinone (UTA77). The results of the current study consistently demonstrate significant protection by UTA77 in both models. UTA77 reduced intestinal inflammation by directly suppressing proinflammatory cytokines and by preserving intestinal barrier integrity.
MATERIALS AND METHODOLOGY
Animals
Ten female C57BL/6J and six Winnie mice of both sexes were obtained from animal breeding facility of the University of Tasmania. All the animals were housed in a controlled temperature environment with 12 h day and night cycle. Before including in any experiment, all the animals had undergone through acclimatisation period of 7 days. During acclimatisation, all the mice were caged individually with proper access to autoclaved drinking water ad libitium and normal chow pellets. Also, individual body weights were recorded daily during the acclimatisation period. All the animal trials were performed in accordance with the ethics approval from the Animal Ethics Committee of University of Tasmania (approval number: A00016166 approved on March 6, 2017). All the procedures were conducted in accordance with the Australian Code of Practise for Care and Use of Animals for Scientific Purposes (eighth Edition, 2013).
Study Experimental Design and Drug Treatment
After 1 week of acclimatisation, all the C57BL/6J (aged 7 weeks) were randomly allocated into three groups: 1) healthy controls without DSS and treatment (HC), 2) DSS controls without treatment (DSS), and 3) UTA77-treated group (DSS + UTA77) with 10 animals/group. In case of chronic colitis Winnie model, groups were divided as follows: healthy controls (C57BL/6J) without treatment (HC), 2) Winnie controls without treatment (Win), and 3) UTA77-treated Winnie (Win + UTA77) having six animals/group. UTA77 (provided by UTAS) was administered orally at a dose of 200 mg/kg of bodyweight of mice. For drug preparation, UTA77 was suspended in 0.5% of carboxymethyl cellulose (CMC) and 4% sucrose and mixed with autoclaved powdered chow pellets. The wet food mash of UTA77 was aliquoted as 2.5 g/dish and stored in −20°C. For DSS-induced acute colitis, 2.5% of DSS with a molecular weight of 30,000–50,000 KDa (MP Biomedicals, NSW, Australia) was administered continuously for 7 days in autoclaved drinking water to all the C57BL/6J groups except HC. The vehicle and UTA77 were also coadministered orally for 7 days continuously to DSS controls and DSS + UTA77-treated groups, respectively. In case of spontaneous chronic colitis, UTA77 was administered to UTA77-treated Winnie and vehicle to Winnie controls for continuously 21 days provided with autoclaved normal drinking water to all groups.
Histopathological Analysis and Clinical Scoring
Disease Activity Index (DAI) was calculated daily by adding the individual scores of body weight, bloody stool, and stool consistency over the whole period of the experiment. Briefly, scoring was done as described previously (Shinde et al., 2019; Shastri et al., 2020a): body weight loss (score 0 = %, score 1 = 1–5%, score 2 = 6–10%, and score 3 = 11–15%), stool consistency (score 0 = hard/formed stool, score 1 = soft/loose stool, score 2 = very soft, and score 3 = watery stool/diarrhoea), and bloody stool (score 0 = negative haemoccult/no traces of blood, score 1 = positive haemoccult, score 2 = visible traces of blood, and score 3 = gross/rectal bleeding). The colons were taken out, opened, and bisected longitudinally into two halves on day 8 (acute colitis model) and day 21 (spontaneous chronic colitis model) after dissection. One half was stored for histopathological analysis using the Swiss roll technique, while the remaining another half was collected and snap-frozen for further molecular analysis. Swiss rolls were fixed in 10% v/v neutral-buffered formalin for 24 h and later transferred to 70% ethanol before being embedded in paraffin wax. 5 μm tissue sections embedded in paraffin wax were cut using microtome. Paraffin-embedded tissue slides were then stained with haematoxylin and eosin (H&E) dyes and were used for evaluating histopathological grading in a blinded manner as described previously for DSS-induced acute colitis and spontaneous chronic colitis in Winnie (Perera et al., 2018). Images were captured using Leica microscope (DM500, Leica Microsystems, Mannheim, Germany).
Alcian Blue Staining
Alcian Blue staining was performed to visualise the sulphated and acidic mucopolysaccharide mucin (MUC2) secretion from goblet cells using Alcian Blue staining kit pH 2.5 (ab150662, Abcam, Australia) as described previously (Sovran et al., 2016; Shinde et al., 2019; Shastri et al., 2020a). Briefly, tissue embedded slides were dewaxed in xylene and rehydrated in series of graded ethanol in descending order (100, 100, 95, and 70%). Slides were first incubated with Alcian Blue stain for 30 min at room temperature before counterstained with Safranin O for 5 min. Stained slides were further dehydrated in graded ethanol in ascending order (70, 95, 100, and 100%) and cleared in xylene before mounting with DPX medium (Sigma-Aldrich, NSW, Australia). Image Pro-Plus seven software (Media Cybernetics, Inc., Rockville, Maryland, United States) was used to analyse the staining intensity by randomly capturing images (DM500, Leica Microsystems, Mannheim, Germany) from four different area/slides (n = 3 slides/group) in a blinded fashion.
Immunohistochemistry
Immunohistochemical analysis was performed to detect the localisation of TJ proteins occludin and ZO-1 using an HRP/DAB Detection IHC kit (ab64621, Abcam, Australia) as mentioned previously (Shastri et al., 2020a; Shastri et al., 2020b) and according to manufacturer’s instructions. Briefly, paraffin-embedded tissue section slides were dewaxed in xylene and rehydrated through series of graded ethanol before incubating in citrate buffer (pH-6) for antigen retrieval process in a decloaking chamber at 121°C for 4 min. The endogenous peroxidase activity was blocked by incubating the tissue slides with hydrogen peroxide block for 10 min, following protein blocking for further 30 min at room temperature. Primary antibodies against occludin (1:600, NBP-1–87,402, Novus Biologicals, Victoria, Australia) and ZO-1 (1:400, NBP1-85046, Novus Biologicals, Victoria, Australia) were used to incubate colonic tissue slides overnight at 4°C. After washing the slides in phosphate buffer saline (1X PBS), subsequently, slides were first incubated with biotinylated goat anti-rabbit IgG for 10 min, followed by incubation with Streptavidin-peroxidase conjugate for further 10 min at room temperature. Slides were further incubated using DAB chromogen and substrate for 10 min according to the manufacturer’s protocol. Slides were counterstained with haematoxylin and bluing in ammonia water before dehydrating in graded ethanol and clearing in xylene. Finally, the slides were mounted using DPX media, and images were taken using Leica DM500 microscope. Image Pro-Plus 7.0 software was used to examine the staining intensity by randomly choosing four different areas from one slide where (n = 3 slides/group), in a blinded manner.
Lipid Peroxidation
The amount of malondialdehyde (MDA) levels present in colonic tissue was determined using lipid peroxidation colorimetric/fluorometric assay kit (K739, Bio Vision, NSW, Australia) as described previously (Das et al., 2014). The colon tissues were homogenised in lysis buffer provided in the kit followed by centrifugation at 13,000 x g to collect the supernatant. Afterwards, thiobarbituric acid (TBA) was added to the resulting supernatant which formed MDA-TBA adduct after boiling at 95°C for 1 h. The absorbance of coloured MDA-TBA adduct was detected colorimetrically at a wavelength of 532 nm in a spectrophotometer. The amount of MDA in the tissue samples was quantified by plotting a graph against MDA standard calibration curve provided in the kit. The values were expressed as nmol/mg protein.
Superoxide Dismutase Activity
The percentage of total superoxide dismutase activity in colonic tissues was calculated using a commercially available superoxide dismutase activity assay kit (ab65354, Abcam, Australia) as mentioned earlier (Shastri et al., 2020a). Briefly, followed by homogenisation of colonic tissues in ice-cold Tris/HCl (pH -7.4, 0.1 M containing Triton X-100, phenylmethylsulfonyl (PMSF) and β-mercaptoethanol) and centrifugation for 5 min at 14,000 x g, supernatants containing total SOD activity of cytosolic as well as mitochondrial SOD were collected. The detection depends upon the formation of yellow formazan crystals upon reduction with superoxide anions by adding WST-1 (water-soluble tetrazolium-1) to the collected supernatant. The data were calculated by measuring the absorbance at 450 nm colorimetrically where SOD activity represents the percentage inhibition of superoxide production. The more the SOD in the sample, the more the inhibition activity.
Nitric Oxide Production
Griess reagent kit (G2930, Promega, Victoria, Australia) was used to detect the nitrite (by-product of nitric oxide (NO)) levels as described previously (Shastri et al., 2020a). The assay was performed according to the manufacturer’s instructions. The nitrite standards at various concentrations (100, 50, 225, 12.5, 6.25, 3.13, 1.56, and 0 μM) and colonic tissue explants were pipetted into a 96-well plate and incubated according to instructions. The absorbance of the sample was plotted against nitrite reference curve at 550 nm. The values were expressed as a concentration in μM/Gram of tissue.
Western Blotting Analysis
Briefly, frozen colon tissue sections were lysed in RIPA buffer containing protease inhibitor cocktails (Complete ULTRA Tablets, Mini, EDTA-free, NSW, Australia). The concentration of protein in supernatants was determined according to the protocol described by DC protein assay kit from Bio-Rad. Tissue-extracted proteins lysates (20 μg) were suspended in loading buffer and separated on SDS-PAGE polyacrylamide gels (4–20%, Mini-Protean TGX Precast Gels, Bio-Rad, NSW, Australia) in 1x electrophoresis buffer run at 100 V for 1 h. Subsequently, proteins from gel were electro-transferred onto polyvinylidene difluoride membrane (PVDF) using a wet transfer system. The membranes were then blocked in 5% skim milk prepared in TBST and incubated overnight with primary antibody against GRP78 (1:1,000, NBP1-06274, Novus biologicals), CHOP (1:1,000, NBP2-13172, Novus Biologicals), and β-actin (1:8,000, NB600-503, Novus Biologicals) at 4°C. The antibodies were detected by incubating with Horseradish peroxidase- (HRP-) conjugated secondary antibody (1:3,000, 7,074, Cell Signaling Technology, Australia) at room temperature for 1 h. Protein bands were visualised using SuperSignal, West Pico PLUS chemiluminescent substrate (Thermo Scientific, Victoria, Australia). The images were captured and band density relative to housekeeping gene (β-actin) was measured using LAS-3000 image reader version 2.2 (Fujifilm Luminescent Image Analyzer, Fuji Life Sciences, Japan).
Cytokine Measurement
Explants from proximal and distal colon tissue from each group were excised, washed with PBS, and cultured in RPMI 1640 culture medium containing 1% antibiotics solution (10 mg/ml streptomycin and 10,000 U/ml penicillin, Sigma-Aldrich Pty. Ltd. NSW, Australia) and 10% v/v fetal bovine serum (Gibco Life Technologies Pty. Ltd. Melbourne, Australia) in a 12-well plate as described previously (Lean et al., 2015; Shinde et al., 2019). After overnight incubation, the supernatant was collected, centrifuged, and stored at −80°C until further analysis. Cytokine concentrations in the colonic explants were determined using Bio-Plex Pro Mouse cytokine 23-plex kit (catalogue number: #M60009RDPD, Bio-Rad, NSW, Australia) according to manufacturer’s protocol using an instrument Bio-Plex 200 (Bio-Rad Laboratories). Bio-Plex Manager software version six was used to analyse the cytokine concentrations and presented as pg/mL/g of tissue. The cytokines values were normalised to tissue weight by dividing observed cytokine concentration (pg/ml) with tissue weight in grams.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism Software version 8.0, CA, United States). All the data were presented as average mean value ± standard error of mean (SEM) of independent experiments carried out in triplicate. One-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was used to evaluate the statistical difference between the three groups. For comparison between the two groups, nonparametric, unpaired, two-tailed t-test was performed. For analysis of body weight change and DAI, two-way ANOVA followed by Tukey’s post hoc test was used. Data were considered significant when p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*).
RESULTS
Treatment With UTA77 Reduces Clinical Symptoms of Dextran Sodium Sulphate-Induced Acute Colitis
Induction of DSS for 7 days in mice resulted in a drastic increase in colonic inflammation, evident by severe body weight loss (−8.1 ± 1.7%) with higher DAI (7.6 ± 0.5) at the end of the experiment on day 8, while healthy mice in the control (HC) group maintained a stable body weight and DAI during the observation period (Figures 2A,B). In contrast, UTA77 intervention protected against body weight loss from day 7 (p < 0.05) till day 8 (−3.4 ± 1.7%, p < 0.01) in comparison to the untreated DSS-control group. UTA77 treatment also significantly (p < 0.001) reduced the DAI (which is the integrated index of bloody stool/stool consistency and body weight loss) on days 7 and 8 (4.5 ± 0.5), when compared to the untreated DSS-control group (Figure 2B). Furthermore, macroscopic evaluation of colon segments on day 8 unveiled a significant colon shortening by DSS administration (5.0 ± 0.2 cm) in comparison to the HC group (7.2 ± 0.1 cm). Consistent with the previous results, UTA77 administration also significantly protected against colon shortening (6.4 ± 0.1 cm) (Figure 2C).
[image: Figure 2]FIGURE 2 | Effect of UTA77 on the pathology of DSS-induced experimental colitis. (A) % body weight change; (B) disease Activity Index (DAI). Statistical significance among groups evaluated by two-way ANOVA followed by Tukey’s posttest. *p < 0.05, **p < 0.01, and ****p < 0.0001 vs. DSS. (C) Colon length evaluated by one-way ANOVA followed by Tukey’s posttest. Data expressed as mean ± SEM (n = 10/group).
Treatment With UTA77 Prevents Histopathology of Acute Colitis
The H&E staining of mouse proximal colon (PC) and distal colon (DC) sections showed extensive histological damage upon DSS induction (Figure 3A). Colon tissues of the untreated DSS-control group showed a severe loss of crypts, epithelial erosion, submucosal oedema, infiltration of inflammatory cells, and goblet cells loss, which were more prominent in DC than PC. While the cumulative histological score for the untreated DSS-control group was 16.9 ± 0.8 for the DC (Figure 3C) and 8.4 ± 1.3 for the PC (Figure 3B), histological scores for the DC and PC were 0 for the HC group, as they showed no sign of colonic damage. UTA77 treatment substantially protected against damage of colonic crypts and goblet cells, infiltration of inflammatory cells, and loss of epithelial structure. This resulted in a significant reduction (p < 0.01) of the cumulative histological score (12.8 ± 1.1) for the DC in comparison to the untreated DSS-control group. In contrast, the UTA77 treatment showed no significant protection in the PC as demonstrated by a histological score of 6.6 ± 0.9.
[image: Figure 3]FIGURE 3 | Effect of UTA77 on histopathology in DSS-induced colitis. (A) Histological representation of proximal colon (PC) and distal colon (DC) sections stained with H&E for healthy mice (HC), DSS-control mice (DSS), and DSS + UTA77-treated mice (DSS + UTA77) at ×20 magnification. (B) and (C) represent the histopathology scores for each animal calculated after microscopic analysis of tissue sections from the PC and DC. Statistical significance among groups was evaluated by one-way ANOVA followed by Tukey’s posttest. **p < 0.01, ****p < 0.0001, and ns: nonsignificant. Data expressed as mean ± SEM (n = 10/group). Arrows indicate goblet cells (a), crypts/regeneration of crypts (b), inflammatory cells infiltration (c), epithelium surface erosion (d), and submucosal oedema (e).
To examine the protective effect of UTA77 on goblet cells, Alcian Blue staining was performed. A substantial increase in mucus staining (blue) in the goblet cells was observed in the UTA77-treated DSS group, whereas in the untreated DSS-control group where goblet cells were lost, staining was almost negligible (Figure 4).
[image: Figure 4]FIGURE 4 | Effect of UTA77 on goblet cells. Goblet cells producing mucus stained with Alcian Blue dye for HC, DSS, and DSS + UTA77 groups in distal colon along with graphical representation of staining intensity of Alcian Blue dye for each group (n = 3/group). Statistical significance among groups evaluated by one-way ANOVA followed by Tukey’s posttest where **p < 0.01 and ***p < 0.001. Images at ×40 magnification.
UTA77 Maintains Intestinal Barrier Integrity by Preserving the Expression of TJ Proteins
To investigate the protective effect of UTA77 on intestinal barrier integrity, the expression of the TJ proteins occludin and ZO-1 was quantified on the colon section. In the HC group, staining for both TJ proteins occludin and ZO-1was intense and localised at both apical and basolateral surface of the crypts, while in the untreated DSS-control group, occludin and ZO-1 staining were very weak (Figures 5A,B). In contrast, the UTA77 treatment effectively restored the expression of TJ proteins to a level comparable to the HC group.
[image: Figure 5]FIGURE 5 | Effect of UTA77 on tight junction (TJ) protein expression in DSS-induced experimental colitis. (A) Immunohistochemical analysis of occludin and ZO-1, (B) average occludin expression in distal colon, and (C) average ZO-1 expression in distal colon. Data expressed as mean ± SEM (n = 3/group) and statistical significance evaluated by one-way ANOVA followed by Tukey’s posttest where **p < 0.01 and ***p < 0.001. Images at ×40 magnification. Arrow indicates localisation of staining.
UTA77 Attenuates pro-Inflammatory Cytokine Levels in Acute Colitis
It is well established that dysregulation of intestinal cytokines is implicated during the pathogenesis of intestinal inflammation. Therefore, this study also explored the anti-inflammatory potential of UTA77 by assessing a range of cytokines. DSS-treatment increased the levels of several proinflammatory cytokines in the PC and DC compared to the HC group (Figure 6). Compared to the untreated DSS-control group, UTA77 administration reduced the elevated levels of proinflammatory cytokines IL-1α, IL-6, TNF-α, G-CSF (granulocyte colony-stimulating factor), GM-CSF (granulocyte-macrophage colony-stimulating factor), INF-γ (interferon-gamma), RANTES (Regulated on Activation, Normal T Expressed and Secreted), eotaxin, IL-13, IL-3, and anti-inflammatory cytokine IL-10 to the levels of the HC group. However, no significant reduction of G-CSF, MIP-1β (macrophage inflammatory protein one beta), and RANTES in PC and INF-γ in DC was detected by administration of UTA77. No significant effects by UTA77 on several other cytokines were observed (Supplementary Figure S1).
[image: Figure 6]FIGURE 6 | Effect of UTA77 on the level of inflammatory cytokines and chemokines in colon tissue. Tissue levels of (A) IL-1α, (B) IL-6, (C) TNF-α, (D) G-CSF, (E) GM-CSF, (F) INF-γ, (G) RANTES, (H) eotaxin, (I) IL-13, (J) IL-10, and (K) IL-3 in PC and DC were quantified by Bio-Plex assay. Data expressed as mean ± SEM (n = 3/group) and statistical significance evaluated by one-way ANOVA followed by Tukey’s posttest where *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
UTA77 Attenuates Colonic Inflammation in Spontaneous Chronic Colitis
Since the DSS-induced acute colitis model showed remarkable protection against colitis by UTA77, we also examined the effects of UTA77 in the Winnie mouse model of spontaneous chronic colitis. Compared to untreated Winnie control mice (Win), which had gained 7.3% body weight on day 21, UTA77-treated Winnie (Win + UTA77) gained on average 8.9% of body weight, which was not significantly different (Figure 7A). However, UTA77 treatment significantly improved the DAI score from day 7 (p < 0.05) with the highest significance level from day 15 onwards (p < 0.0001) (Figure 7B). At the end of the observation period, the colon of untreated Winnie mice was visibly inflamed, thickened, and shortened compared to healthy animals (HC). Consistent with the results from the acute colitis model, UTA77 significantly (p < 0.05) increased colon length in the UTA77-treated Winnie mice (8.6 ± 0.2 cm) compared to the Winnie control group (7.6 ± 0.2 cm) (Figure 7C). Histological analysis revealed a distorted crypt architecture, crypt abscesses with neutrophils inside the lumen, mucosal surface erosion, goblet cell loss, and infiltration of inflammatory cells in the lamina propria mainly in the DC of untreated Winnie mice (Figure 8A). These histological results were reflected in a high histological score of 10.7 ± 0.9 for the DC in untreated Winnie mice (Figure 8C), whereas UTA77-treated Winnie mice showed a significantly (p < 0.01) lower histological score of 7.0 ± 0.5. Comparatively, the histological score for UTA77-treated Winnie mice in the PC was low (5.0 ± 0.8) and not significantly different from untreated Winnie mice (5.5 ± 0.6) (Figure 8B).
[image: Figure 7]FIGURE 7 | Effect of UTA77 on the pathology of spontaneous chronic colitis in Winnie mice. (A) % body weight change and (B) DAI of healthy controls (HC), Winnie controls (Win), and UTA77-treated Winnie group (Win + UTA77). Statistical significance among groups evaluated by two-way ANOVA followed by Tukey’s posttest. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001 vs. Winnie.(C) Colon length evaluated by one-way ANOVA followed by Tukey’s posttest. Data expressed as mean ± SEM (n = 6/group).
[image: Figure 8]FIGURE 8 | Effect of UTA77 on histopathology in spontaneous chronic colitis in Winnie mice. (A) Histological representation of PC and distal colon (DC) sections stained with H&E for healthy mice (HC), Winnie control mice (Winnie), and Winnie plus UTA77-treated mice (Winnie + UTA77) at ×10 magnification. (B) and (C) represent the histopathology scores for each animal calculated after microscopic analysis of tissue sections from the PC and DC. Statistical significance among groups was evaluated by one-way ANOVA followed by Tukey’s posttest. **p < 0.01, ****p < 0.0001, and ns: nonsignificant. Data expressed as mean ± SEM (n = 6/group). Arrows indicate goblet cells loss (a), crypts loss/crypts distortion (b), inflammatory cells infiltration (c), epithelial surface erosion (d), crypt abscesses (e), and mucosal/submucosal oedema (f).
UTA77 Reduces a Marker of Intestinal ER Stress
The Winnie model is associated with pronounced ER stress, which is responsible for the observed pathology. Therefore, the expression of ER stress markers glucose-regulated protein 78 (GRP78) and C/EBP homologous protein (CHOP) was assessed (Figure 9A). In untreated Winnie mice, GRP78 (p < 0.05) and CHOP (p < 0.001) proteins were significantly upregulated, compared to the HC group. UTA77 treatment significantly downregulated CHOP protein expression in Winnie (p < 0.001) but did not affect GRP78 expression (Figures 9B,C).
[image: Figure 9]FIGURE 9 | Effect of UTA77 on endoplasmic reticulum stress (ER stress) markers in spontaneous chronic colitis in Winnie mice. (A) Protein levels of GRP78 and CHOP were analysed using Western blotting in distal colon. (B, C) Densitometry of GRP78 and CHOP. Bands densities were normalised to the levels of β-actin. Data expressed as mean ± SEM (n = 3/group) using one-way ANOVA followed by Tukey’s posttest, where *p < 0.05, ***p < 0.001, and ns: nonsignificant. The controls used (HC and Win) in this figure have been published previously (Shastri et al., 2020b).
UTA77 Prevents Elevated Levels of Pro-Inflammatory Cytokines in Chronic Colitis
Similar to the acute colitis model, the immunomodulatory effect of UTA77 was examined in the Winnie mouse model. Multiple proinflammatory cytokines such as IL-1α, IL-1β, TNF-α, INF-γ, and MIP-1α (macrophage inflammatory protein one alpha) were detected in the PC and DC of untreated Winnie mice. UTA77 effectively normalised these to the levels of the HC group (Figure 10). TNF-α (Figure 10C) was strikingly reduced by UTA77 treatment in DC (p < 0.01) and in PC (p < 0.05), while IL-1α (Figure 10A) was significantly suppressed in PC but not in DC. IL-1β (Figure 10B) was also remarkably suppressed in both UTA77-treated PC (p < 0.05) and DC (p < 0.01). In addition, INF-γ (Figure 10D) was very significantly reduced in both PC and DC (p < 0.01) by UTA77. Furthermore, UTA77-treated Winnie also showed decreased levels of MIP-1α (Figure 10E) in both PC and DC (p < 0.05). No significant effects by UTA77 on several other cytokines were observed (Supplementary Figure S2).
[image: Figure 10]FIGURE 10 | Effect of UTA77 on the level of proinflammatory cytokines and chemokines in colonic tissue explants of Winnie mice. Tissue levels of (A) IL-1α, (B) IL-1β, (C) TNF-α, (D) INF-γ, and (E) MIP-1α in PC and DC were quantified by Bio-Plex assay. Data expressed as mean ± SEM (n = 3/group) and statistical significance evaluated by one-way ANOVA followed by Tukey’s posttest where *p < 0.05 and **p < 0.01.
UTA77 Inhibits Lipid Peroxidation Only in Acute Colitis
We also assessed the antioxidant activity of UTA77 in the colon (Figure 11). While DSS administration significantly increased malondialdehyde (MDA) content in the DC of the untreated DSS group compared to the HC group (p < 0.001), UTA77 treatment significantly reduced MDA levels in the UTA77-treated DSS group (p < 0.001) (Figure 10A). Based on the results from the model of acute colitis, the potential antioxidant activity of UTA77 was also assessed in the model of chronic colitis (Figure 11B). In contrast to the model of acute colitis, no increased levels of lipid peroxidation (MDA) were detected in untreated Winnie mice compared to the HC group. Therefore, no inhibitory effect on MDA by UTA77 could be observed in the UTA77-treated Winnie group (Figure 11B).
[image: Figure 11]FIGURE 11 | Effect of UTA77 on oxidative stress markers in acute and chronic colitis. (A) Malondialdehyde (MDA) levels in distal colon of acute colitic mice, (B) MDA level in distal colon of Winnie mice, (C) total SOD activity in distal colon of acute colitic mice, and (D) nitric oxide (NO) levels in distal colon of acute colitic mice. Data expressed as mean ± SEM (n = 3/group) using one-way ANOVA followed by Tukey’s posttest, where *p < 0.05, **p < 0.01, ***p < 0.001, and ns: nonsignificant.
Later on, to characterise a possible mechanism of action of UTA77 in DSS-induced acute colitis, we also assessed the and activity of the antioxidant enzyme superoxide dismutase (SOD) (Figure 11C) and nitric oxide (NO) levels in the colon tissue (Figure 11D). The SOD activity and NO levels were unaltered between the untreated DSS-control group and the UTA77-treated DSS group.
DISCUSSION
For the first time, the current study demonstrates the effectiveness of the novel naphthoquinone UTA77 in treatment of intestinal inflammation in models of acute and chronic experimental colitis. The results of the current study clearly demonstrate decreased severity of colitis associated with a modulated immune response, increased barrier integrity, improved tissue integrity, and reduced ER stress as a consequence of treatment with UTA77.
The novel synthetic UTA77 naphthoquinone was previously described as a potent compound to protect against mitochondrial dysfunction (Woolley et al., 2019; Feng et al., 2020b). Similar to some naturally derived naphthoquinones that were reported to ameliorate disease severity in models of colitis (Andújar et al., 2012; Fan et al., 2013; Sun et al., 2019), UTA77 successfully improved body weight loss, DAI, and colon length in acute colitis, while in chronic colitis, UTA77 improved DAI and colon length but not body weight. This selectivity to affect only some pathologies of the model mirrors an earlier study where the NLRP3 inhibitor MCC950 did not affect body weight but significantly suppressed DAI and colon length shortening in the Winnie model (Perera et al., 2018). The reason for this discrepancy could be attributed to the more severe damage to colon tissue in Winnie mice compared to the acute colitis model or that the dose used in the Winnie model was not optimised. Since UTA77 effectively alleviated histological alterations seen in both acute and chronic colitis in this study, it suggests that the UTA77 dose used in these models was effective. However, it cannot be excluded that lower doses might have resulted in similar efficacy. It has to be acknowledged that this study was not intended as a dose-finding study and hence, future studies will have to address this knowledge gap. It also opens the possibility that dose optimisation might lead to different results in different models.
Intestinal barrier dysfunction is thought to be an initial event in the propagation of UC. Loss of barrier integrity alters the expression of TJ proteins of intestinal epithelium. As a consequence, altered expression of TJ proteins increases intestinal permeability that allows the entry of harmful bacteria-derived molecules and luminal toxins into the mucosa, resulting in an uncontrolled inflammatory cascade (Turner, 2009; Holmberg et al., 2018). Overactivation of proinflammatory signalling further reduces barrier integrity and propagates this vicious cycle (Strober and Fuss, 2011). Under physiological conditions, intestinal structural integrity is maintained by the mucosal layer, composed of mucin, which protects and lubricates the intestinal tract (Tytgat et al., 1996). Previous studies reported altered expression or loss of TJ proteins occludin and ZO-1 and reduced mucin expression in colitis patients and in mouse models of intestinal inflammation (Kucharzik et al., 2001; Poritz et al., 2007; Turner, 2009; Poritz et al., 2011; Das et al., 2012; Li et al., 2014; Nighot et al., 2015), which the present study confirmed. Since UTA77 dramatically alleviated these pathologies, this could indicate that the protective effect of UTA77 might be associated with the protection of mucosal barrier integrity that paralleled the protection against proinflammatory cytokine release. However, the present study did not assess whether UTA77 directly increased the expression of TJ proteins or protected against their DSS-mediated degradation, which will be the topic of future studies.
During inflammation, oxidative stress arises due to overproduction of ROS and weakening of antioxidant defence machinery (Tian et al., 2017). Increased levels of ROS in intestinal epithelium damage colonic mucosal tissues by mediating lipid peroxidation and free radicals (Siegel et al., 2004; Tian et al., 2017). Previously, naphthoquinones also protected against oxidative stress in preclinical models (Vos et al., 2012; Josey et al., 2013; Rahn et al., 2014). In this study, treatment with UTA77 inhibited lipid peroxidation by lowering MDA levels only under conditions of acute colitis. Under conditions of chronic colitis in Winnie mice, MDA levels were indistinguishable between all the three groups, indicating a lack of ROS accumulation in young Winnie mice. Our data therefore suggest that oxidative stress might not be causative or act as a central event in the development of colitis but instead represents an additional pathological factor along with the major components of intestinal inflammation such as barrier dysfunction, cytokine dysregulation, and microbial dysbiosis. Furthermore, UTA77 was unable to alter the SOD activity and the levels of NO in DSS-induced mice which suggest that UTA77 adopted another mode of action in ameliorating colitis.
The transcription factor CHOP is highly expressed during the dysregulation of ER and mitochondrial function (Zhao et al., 2002; Zhang and Kaufman, 2008). CHOP is strongly implicated in the development of colitis as it is upregulated in response to trinitrobenzene sulphonic acid (TNBS) or DSS administration, while CHOP-deficient mice resist the development of colitis (Namba et al., 2009). Indeed, increased expression of CHOP and CHOP-mediated apoptosis was reported in Winnie mouse previously, where intestinal inflammation arises as a direct consequence of aberrant ER stress (Heazlewood et al., 2008; Das et al., 2013; Kunde et al., 2017). UTA77 markedly reduced CHOP expression in Winnie mice and therefore may have ameliorated inflammation by reducing ER stress and cell death of epithelial cells. Although a single study reported an increase in CHOP expression in response to the natural naphthoquinone plumbagin in the treatment of prostate cancer (Huang et al., 2018), this discrepancy could be due to the different pathophysiology of tissue and disease and the very different chemical structure of the naphthoquinone used in this study compared to UTA77. Given the close steric and functional connectivity between mitochondria and ER, the presence of mitochondrial dysfunction and ER stress in IBD does not come as a surprise, with increased CHOP levels associated with the unfolded protein responses in both mitochondria and ER (Horibe and Hoogenraad, 2007; Rath et al., 2012). Therefore, the mitoprotective activity of UTA77 might have preferentially targeted mitochondrial dysfunction and downregulated CHOP expression, the protective effect of which could have extended to the ER. Extended studies will be required to explore the association of mitochondrial and ER stress in Winnie and how this is regulated by CHOP to initiate chronic UC.
Defective barrier integrity and oxidative and ER stress mediate colonic inflammation by increased release of proinflammatory mediators from immune cells and mitochondria (Kaser and Blumberg, 2009; Roediger, 1980; Heazlewood et al., 2008; Guo et al., 2015; Novak and Mollen, 2015). Anti-inflammatory activity of natural naphthoquinones was previously reported in LPS-induced neuroinflammation in BV-2 microglial cells, in the DSS colitis model of acute colitis, and in LPS-induced inflammation in mice. This anti-inflammatory activity involved the downregulation of proinflammatory cytokines such as IL-1β, TNF-α, INF- γ, IL-1α, IL-6, G-CSF, and IL-12p70 cytokines (Sun et al., 2019; Andújar et al., 2012; Lomba et al., 2017; Messeha et al., 2017). The present study confirmed and extended this effect by detecting a substantial reduction of IL-1α, IL-1β, IL-6, TNF-α, INF-γ, G-CSF, IL-13, GM-CSF, IL-3, MIP-1α, RANTES, and eotaxin cytokines in response to UTA77 treatment in both colitis models. Although this confirms the general anti-inflammatory property of some naphthoquinones and UTA77, some cytokines remained unaffected by UTA77 administration (Supplementary Figure S1, S2). While it is possible that suboptimal dosing of UTA77 restricted the suppression of these cytokines, it may also be possible that the specific mode of action of UTA77 only affects some signalling pathways. Among the cytokines inhibited by UTA77, IL-1β and TNF-α were specifically downregulated in the distal colon. Both cytokines are produced by proinflammatory M1 macrophages at the mucosal surfaces. Considering the amount of IL-1β secreted in the distal colon of Winnie mice together with our earlier results that a small molecule inhibitor of the NLRP3 inflammasome ameliorates colitis in Winnie mice (Perera et al., 2018), it is possible that UTA77 also prevents NLRP3 inflammasome activation. Future studies will investigate if inflammasome activation is affected by UTA77 to assess this possibility.
Interestingly, IL-10, which is well known for its anti-inflammatory response, was elevated by DSS induction in the present and previous studies as well as in UC patients (Melgar et al., 2003; Shastri et al., 2020a). Since increased IL-10 levels could represent a compensatory mechanism to reduce colon inflammation, the overall reduction of proinflammatory cytokines by UTA77 could have reduced the elevated level of IL-10 as a compensatory mechanism.
Although, there is no clinical evidence at present that would support the therapeutic potential of naphthoquinones in human UC, encouraging data with some natural naphthoquinones have been reported in mouse models of colitis (Andújar et al., 2012; Fan et al., 2013; Pile et al., 2013; Sun et al., 2019). These studies typically only focused on some limited parameters of disease pathology utilising DSS or TNBS mouse models of colitis. In contrast, as an extension, the present study demonstrated protection by UTA77 with regard to increased intestinal barrier integrity, mucus secretion and reduced ER stress, and lipid peroxidation. This suggests that pharmaceuticals that target all these factors simultaneously may be more effectively reducing the severity of intestinal inflammation than drugs that target only a single aspect of the pathology. In this context, UTA77 may achieve this by protecting mitochondrial function and bioenergetics, although the current study did not identify the direct molecular target; that is responsible for the observed protective activity. Future studies will address the potential role of UTA77 in intestinal mucosal healing by specifically addressing the role of UTA77 in the nexus of ER-mitochondria interactions.
UTA77 was identified as mitoprotective, while other naphthoquinones in the same group of compounds did not share this activity (Woolley et al., 2019). While the redox activity of quinone moiety is essential for the activity of the molecule, it is not sufficient for this activity. In fact, it was demonstrated that the composition of side chain provides the molecule with specific activity (Woolley et al., 2019). This suggests that the quinone as an active moiety interacts with its target by the characteristic composition of the side chain. However, the exact molecular target remains to be identified by future studies.
Overall, our study provided vital information towards understanding the therapeutic role of the novel mitoprotective UTA77 naphthoquinone in colitis. Due to its low toxicity, metabolic stability, and therapeutic efficacy in both acute and chronic models of colitis, UTA77 may also be considered as a promising drug candidate to mitigate intestinal inflammation in human UC.
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Cardio-Cerebrovascular Disease is a collective term for cardiovascular disease and cerebrovascular disease, being a serious threat to human health. A growing number of studies have proved that the content of inflammatory factors or mediators determines the stability of vascular plaque and the incidence of cardio-cerebrovascular event, and involves in the process of Cardio-Cerebrovascular Diseases. Interleukin-6 is a widely used cytokine that causes inflammation and oxidative stress, which would further result in cardiac and cerebral injury. The increased expression of interleukin-6 is closely related to atherosclerosis, myocardial infarction, heart failure and ischemic stroke. It is a key risk factor for these diseases by triggering inflammatory reaction and inducing other molecules release. Therefore, interleukin-6 may become a potential target for Cardio-Cerebrovascular Diseases in the future. This paper is aimed to discuss the expression changes and pathological mechanisms of interleukin-6 in Cardio-Cerebrovascular Diseases, and to provide a novel strategy for the prevention and treatment of Cardio-Cerebrovascular Diseases.
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INTRODUCTION
Cardio-Cerebrovascular Diseases (CCVDs) are the general term of all heart and brain diseases related to vascular diseases, such as atherosclerosis (AS), myocardial infarction (MI), heart failure (HF) and ischemic stroke (IS). CCVDs are common diseases that pose a serious threat to human health, especially to people over 50 years of age (Dalen et al., 2014). Despite efforts to reduce mortality, CCVDs remain the leading cause of death in the world (Reddy and Hunter, 2013). It is estimated that approximately 17.3 million people have died from CCVDs each year, accounting for nearly one third of global deaths; also, more than 80 percent of these deaths from CCVDs occur in developing countries (Piepoli et al., 2018; Polak et al., 2018). To conclude, CCVDs are characterized by high prevalence, high mortality and disability rates (Zhang et al., 2011), which not only put heavy economic pressure on families and society but also cause great physical or psychological suffering to individuals, directly adding to the global public health burden and hindering socio-economic development (Benjamin et al., 2019; Di Minno et al., 2019). In the face of such a critical situation, there is an urgent need to explore the pathogenesis of CCVDs as well as new therapeutic targets.
The pathogenesis of CCVDs is complex and multifactorial. CCVDs are known to be inflammatory diseases, and there is a strong link between inflammation and CCVDs (Soeki and Sata, 2016; Steven et al., 2019; Lu et al., 2021). Yudkin et al. Have shown that interleukin-6 (IL-6) and C-reactive protein (CRP) are key factors in the inflammatory reaction of CCVDs (Yudkin et al., 1999). IL-6 was first discovered and cloned in the 1980s by the Kishimoto’s laboratory (Hirano et al., 1989) as a small glycoprotein that can be produced by a variety of cells, and responds to various stimuli (Hirano, 1998). Members of the IL-6 family include IL-11, leukaemia inhibitory factor (LIF), oncostatin M (OSM), ciliary neurotrophic factor (CNTF), cardiotrophin-1 (CT-1), and novel neurotrophin-1/B cell stimulatory factor-3 (NNT-1/BSF-3) (Heinrich et al., 2003), sharing similar signaling pathways and playing important functions in inflammatory diseases, immune disorders and tumors. IL-6, an important member of this family, is considered to be an important pro-inflammatory factor (Kishimoto, 2005). IL-6 expression is tightly regulated, with low levels of expression in healthy individuals and elevated expression during infection, trauma or other stress. Zamani et al. demonstrated that IL-6 promoted the development and rupture of atherosclerotic plaques (Zamani et al., 2013). During myocardial ischemia-reperfusion, cardiomyocytes release IL-6, which induces neutrophils and cardiomyocytes to express CD11b/CD18 and intercellular adhesion molecule-1 (ICAM-1), thereby damaging the myocardium (Gwechenberger et al., 1999). In addition, IL-6 mRNA expression was elevated in a rat model of cerebral ischemia, and elevated IL-6 concentrations in the cerebrospinal fluid of patients with acute stroke was correlated with infarct volume (Tarkowski et al., 1995; Loddick et al., 1998). These studies suggest that the biological functions and mechanisms of IL-6 may play a key role in the pathogenesis of CCVDs.
Collectively, these data indicate that probing the biological functions and mechanisms of IL-6 may play a critical role in the pathogenesis of CCVDs. Our review provides a brief overview of the IL-6, reveals that IL-6 involves in the pathogenesis of CCVDs, and the therapeutic potential of IL-6 in CCVDs.
OVERVIEW OF INTERLEUKIN-6
Secretion and Structure of Interleukin-6
IL-6 comes from a wide range of sources, mainly produced by mononuclear macrophages, T helper 2 cells, B cells, vascular endothelial cells (ECs), smooth muscle cells (SMCs) and fibroblasts (Schmidt-Arras and Rose-John, 2016). It acts not only on the immune system, but also on the neurological and cardiovascular systems. The human IL-6 gene is located on the short arm of chromosome 7, which is approximately 5 kb in length, including 5 exons and 4 introns. The molecule IL-6 is a glycoprotein with a molecular weight of 26 kDa, composed of 184 amino acids (Wolf et al., 2014), mediating a variety of biological effects by recognizing and binding to the IL-6 receptor (IL-6R) on the surface of target cells. IL-6R is widely expressed on the surface of various cells and consists of α and β polypeptide chains, namely, the specific binding α-subunit IL-6Rα and the signal-transducing β-subunit glycoprotein 130 (gp130) (Kishimoto et al., 1995). IL-6 has one binding site to IL-6Rα and two binding sites to gp130 (Paonessa et al., 1995) and the final formed ternary complex is a hexamer.
Signal Pathway and Biological Function of Interleukin-6
The combination of IL-6 and IL-6R can activate downstream signal transduction pathways (Figure 1). Through the engagement of unique receptor, IL-6 is able to activate Janus kinase (JAK)-STAT pathway, SHP2-mitogen-activated protein kinase (MAPK) pathway and phosphoinositide 3-kinase (PI3K)-protein kinase B (Akt) pathway (Garbers et al., 2015; Akbari and Hassan-Zadeh, 2018), among which, JAK1-STAT3 pathway is the main signaling pathway in the interleukin-6 family of cytokines (Taniguchi and Karin, 2014). IL-6 first binds to IL-6Rα to form a dimer, which is activated by phosphorylation, and then forms an activated trimer complex with gp130 (Rose-John, 2017), which initiates the intracellular signal cascade and induces the phosphorylation of JAK family related to IL-6R, further activating the downstream transcription factors of STAT family and binding to the promoter region of target genes, to generate a series of essential functions to maintain normal vital movements, such as inflammation, immune responses and cell recruitment (Table 1). Various IL-6 target genes are caused by activation of the transcription factor STAT3, which also stimulates the expression of genes encoding suppressor of cytokine signaling-1 (SOCS1) and SOCS3. In addition, SOCS1 can bind tyrosine-phosphorylated JAK, whereas SOCS3 binds tyrosine-phosphorylated gp130 to terminate IL-6 signaling through a negative feedback loop (Naka et al., 1997). The biological functions mediated by IL-6 are very complicated, which mainly include: 1) After the organism is stimulated by tissue injury, infection and inflammation, IL-6 could induce the production of cytokines including acute phase reaction proteins via NF-κB (Gauldie et al., 1987). 2) By activating endothelial cells and increasing the expression of adhesion molecules and the secretion of chemokines, IL-6 induces neutrophils to regroup into the affected tissue (Romano et al., 1997). 3) After antigen stimulating B cells, IL-6 could induce B cells to proliferate, differentiate and produce antibodies (Yao et al., 2014). 4) IL-6 could also induce the proliferation and differentiation of thymic T cells, activate macrophages (Chen et al., 2017) and natural killer cells, and participate in the coordination of immune system to resist harmful stimuli. 5) IL-6 is related to tissue fibrosis and vascular endothelial injury, promotes angiogenesis and increases vascular permeability (Tanaka et al., 2018) by stimulating the proliferation and migration of circulating endothelial progenitor cells (Fan et al., 2008), and also participates in the proliferation and migration of SMCs (Ikeda et al., 1991). Once IL-6 levels are abnormally elevated, the physiological disorder would occur, which leads to a series of pathological changes including inflammatory injury, plaque formation and rupture, and thrombosis. These changes has a promotional effect on the development of CCVDs.
[image: Figure 1]FIGURE 1 | Schematic representation of IL-6 signal transduction. On target cells, IL-6 first binds to IL-6Rα, and subsequently associates with cellular membrane bound gp130, in turn inducing gp130 dimerization and initiation of IL-6 intracellular signalling. Formation of the IL-6/IL-6Rα/gp130 complex induces autophosphorylation and activation of the gp130-associated JAKs. These activated JAKs phosphorylate tyrosine residues within the cytoplasmic portion of gp130. Phosphorylation of the membrane-proximal tyrosine residue, leads to the recruitment of SHP2, which then stimulates the activation of MAPK and PI3K pathways. After the activation of JAKs, STAT molecules are recruited and then phosphorylated by the JAKs. The related down-stream proteins translocate afterwards into the nucleus to activate gene transcription, thereby playing the corresponding roles.
TABLE 1 | Function of Interleukin-6.
[image: Table 1]ROLES OF INTERLUKIN-6 IN CARDIO-CEREBROVASCULAR DISEASES
As an important mediator of the inflammatory reaction, IL-6 acts extensively in the cardio-cerebrovascular system and is involved in the development of cardio-cerebrovascular pathologies. The role of IL-6 and its specific mechanisms in CCVDs would be discussed (Table 2).
TABLE 2 | Role of Interleukin-6 in cardio-cerebrovascular diseases.
[image: Table 2]Interlukin-6 and Atherosclerosis
AS is an inflammatory disease (Lusis, 2000) characterized by progressive lipid accumulation in the arterial wall, inflammation, SMCs infiltration and extracellular matrix remodeling that can lead to multiple clinically CCVDs (Ross, 1993), such as coronary artery disease, stroke and peripheral arterial diseases (Herrington et al., 2016). AS begins with endothelial damage, and inflammation is involved in the entire process of AS (Moriya, 2019). In 1994, Seino et al. found that IL-6 was expressed locally in coronary atherosclerotic plaques and in the walls of atherosclerosis-damaged arteries, and the expression was 10–40 times higher than in normal tissue (Seino et al., 1994). It has been demonstrated that IL-6 promoted the development and rupture of atherosclerotic plaques (Zamani et al., 2013), accelerating the progress of AS.
IL-6 has a great many functions, including stimulating hepatic synthesis of acute phase reactants, activating endothelial cells, increasing coagulation, and promoting lymphocyte proliferation and differentiation (Wang et al., 2019). The different effects act on the different stages of AS would influence the development, progression and complications of AS (Figure 2). There are several possible pathways that are thought to be involved in the formation and progression of AS by IL-6: 1) IL-6 induces CRP production in the liver to stimulate leukocyte recruitment and promote inflammatory responses in endothelial cells, leading to endothelial dysfunction (Souza et al., 2008). 2) IL-6 induces plasma fibrinogen activator inhibitor (PAI) and fibrinogen production in hepatocytes, which increases blood clotting and promotes thrombosis (Koh et al., 2005; Darvall et al., 2007). 3) IL-6-activated macrophages secrete monocyte chemotactic proteins (MCP) to recruit monocytes into the subendothelium to participate in plaque formation (Lee et al., 2005). 4) IL-6 induces low-density lipoprotein receptor (LDLR) expression on the surface of macrophages to promote macrophage uptake of low-density lipoprotein (LDL), accelerating lipid deposition and promoting foam cell formation (Schuett et al., 2009). 5) IL-6 increases the expression of the cell adhesion molecule CD44 in macrophages, however, the high expression of CD44 also increases the secretion of IL-6 from macrophages in a positive feedback loop that exacerbates the progression of AS (Hägg et al., 2007). 6) IL-6 increases matrix metalloproteinase (MMP) synthesis, degrades the extracellular matrix, and makes plaques prone to rupture (Madan et al., 2008; Suzuki et al., 2008). 7) IL-6 increases the expression of vascular cell adhesion molecule-1 (VCAM-1) and ICAM-1, and promotes leukocyte aggregation to exacerbate the inflammatory reaction (Hartman and Frishman, 2014). 8) IL-6 increases angiotensin II type 1 (AT1) receptor expression in vascular SMCs which exacerbates oxidative stress and endothelial insufficiency that promotes AS progression (Wassmann et al., 2004). 9) IL-6 promotes the differentiation of naive T lymphocytes into helper T lymphocytes (Th) that sustain the spread of the inflammatory reaction (Eddahri et al., 2009). The above findings suggest that IL-6 plays a vital role in the pathology of AS and contributes to the development of AS through multiple pathways.
[image: Figure 2]FIGURE 2 | Schematic representation of IL-6 accelerating atherosclerosis. Through five pathways including liver, macrophages, smooth muscle cells, endothelial cells and T lymphocytes, IL-6 promotes inflammatory response and oxidative stress, and accelerates lipid deposition and foam cell formation, thereby participating in thrombosis and plaque formation and predisposing plaques to rupture. Ultimately, IL-6 exacerbates the progression of atherosclerosis.
Interlukin-6 and Myocardial Infarction
MI refers to the ischemic heart disease of cardiomyocyte injury and death caused by acute and persistent ischemia and hypoxia of coronary artery. After MI, there would exist irreversible necrosis due to hypoxia in cardiomyocytes, followed by infiltration of inflammatory cells including neutrophils and monocytes, releasing pro-inflammatory factors such as IL-6 (Gwechenberger et al., 1999), activating their own immune systems, and resulting in severe inflammatory reaction.
One of the causes of MI is the accumulation of atherosclerotic plaques in the coronary artery (Iuchi et al., 2018). Vascular inflammation plays a crucial role in the formation and progression of plaque and rupture of fibrous cap which would trigger the local thrombosis and hypoxia-related myocardial injury (Ridker, 2016). IL-6 signaling is related to the initiation and destabilization of plaque (Schieffer et al., 2004), and also linked to the adverse consequences of acute ischemia (Lindmark et al., 2001). Thus, we speculate that there is a relationship between IL-6 and MI pathogenesis. Recent studies (Huang et al., 2015) have shown that myocardial remodeling after MI has become the main cause of infarct mortality. IL-6 mediates myocardial remodeling, cardiomyocyte apoptosis and reduction of myocardial contractility by inducing the collection of inflammatory cells in injured myocardium (Lee et al., 2005; Souza et al., 2008), which is proved once again that IL-6 plays a promoting role in the process of MI. It is reported that IL-6 increased in patients with acute myocardial infarction and reached a peak in about 3 days (Miyao et al., 1993; Marx et al., 1997; Ridker and Lüscher, 2014). In addition, in the animal model, it was found that the serum IL-6 in mice increased significantly within 6 h after myocardial ischemia/reperfusion (Iuchi et al., 2018). This evidence suggests that there is a positive correlation between IL-6 and the risk of myocardial infarction (Held et al., 2017). The level of IL-6 may be an important factor affecting the degree of MI and subsequent cardiac remodeling and function (Wang et al., 2018).
According to increasingly related reports and studies, the specific role of IL-6 in MI appears to be gradually clear. Cardiomyocytes produce IL-6 under hypoxic and ischemic stress, express in the infarct border zone after MI (Fuchs et al., 2003), activate JAK/STAT cascade through abundant gp130 signal transduction receptor in cardiomyocytes (Miyao et al., 1993) to exert negative inotropic and cytotoxicity (Finkel et al., 1992), and through the inflammatory reaction to mediate neutrophil infiltration and activation (Tsutamoto et al., 1998), release more kinds of cytokines into the blood, co-stimulating vascular endothelium and inducing cardiomyocytes to express ICAM-1 (Shu et al., 2007) to lead to myocardial fibrosis and ischemia/reperfusion injury (Gwechenberger et al., 1999), which accelerate myocardial damage and dysfunction (Halawa et al., 1999). In a word, the inflammatory reaction of MI is related to the induction of cytokines such as IL-6, and the synthesis of IL-6 is an indispensable part of ischemia/reperfusion injury response (Kukielka et al., 1995).
Interlukin-6 and Heart Failure
HF is a syndrome of cardiac circulatory disorder caused by blood stasis in venous system and insufficient blood perfusion in arterial system due to the cardiac systolic and/or diastolic dysfunction. It is not an independent disease, but the final stage of heart disease progression. Immune activation and inflammation contribute to the initiation and development of HF (Gullestad et al., 2012). Inflammation is one of the key pathophysiological mechanisms of HF. In HF, a variety of cells produce inflammatory mediators like IL-6, which is not only a sign of inflammatory activation, but also may induce systolic dysfunction, ventricular dilatation, cardiomyocyte hypertrophy and apoptosis through different mechanisms, directly acting on the pathological process of HF (Yndestad et al., 2006), promoting the progress and deterioration of HF.
During HF, there are hemodynamic changes and oxidative stress, which is a powerful inducer of inflammatory cytokine IL-6 (Ozova et al., 2007). According to Matsumori (Matsumori et al., 1994), IL-6 levels increased in patients with HF. At the same time, some studies have shown that IL-6 spillover in peripheral blood circulation increased with the severity of HF (Tsutamoto et al., 1998; Ruiz-Ruiz et al., 2006). Additionally, the activity of IL-6 was also markedly increased in HF, accompanied by an increase in gp130 level (Fischer and Hilfiker-Kleiner, 2007). In the HF model constructed by ligating the left anterior descending branch of coronary artery in rats, ischemia and hypoxia promoted the production of IL-6 (Kang et al., 2008). The evidence fully showed that the expression of IL-6 in blood circulation and myocardium from patients with HF was increased, and the level of IL-6 in blood circulation was bound up with the HF progress. Ventricular remodeling mediated by inflammation is an important cause for the onset and deterioration of HF (Mann, 2002), in which IL-6 regulates the whole inflammatory process and promotes the development of ventricular remodeling (Huang et al., 2015). The increase of cardiac IL-6 and IL-6R mRNA levels is also associated with hemodynamic deterioration in patients with advanced HF (Plenz et al., 2001). Moreover, there is a significant correlation between IL-6 and HF-related mortality (Maeda et al., 2000). Hence, as one of inflammatory mediators involved in HF, IL-6 triggers and aggravates HF by mediating myocardial remodeling, reducing myocardial contractility and promoting cardiomyocyte apoptosis. The increase of IL-6 expression is in connection with the decrease of coronary flow reserve, ejection fraction and cardiac function, and the progression of HF.
As the activation of inflammatory pathway is a crucial pathological event in the occurrence and development of HF (Mann, 2002), and IL-6 is one of the most well-characterized and principal cytokines in cardiovascular disease (Askevold et al., 2014), understanding the specific role of IL-6 in HF counts for the target therapy in HF. Under the stimulation of ischemia and hypoxia, IL-6 binds to its receptor-coupled protein gp130 by autocrine or paracrine, and then transduces signals into cells via JAK/STAT3 signaling pathway, which induces cardiomyocyte hypertrophy and leads to abnormal endothelium-dependent vasodilation (Tsutamoto et al., 1998), muscular atrophy (Tsujinaka et al., 1996) and left ventricular dysfunction (Fuchs et al., 2003). Finkel et al. (Finkel et al., 1992) found that IL-6 induced nitric oxide-mediated decrease in calcium flux and contractility in ventricular myocytes (Kinugawa et al., 1994) by increasing nitric oxide synthase (Gwechenberger et al., 1999), which eventually caused ventricular remodeling. Meléndez et al. (Meléndez et al., 2010) found that IL-6 promoted cardiac fibroblasts to synthesize collagen and led to cardiac interstitial fibrosis, which in turn caused ventricular wall sclerosis and HF. IL-6 can also increase the stiffness of cardiomyocytes by reducing actin phosphorylation (Markousis-Mavrogenis et al., 2019). To sum up, increased IL-6 could be regarded as a considerable independent predictor for HF (Orús et al., 2000), and could also be utilized as a prognostic biomarker in HF (Rauchhaus et al., 2000).
Interlukin-6 and Ischemic Stroke
IS is one of the leading causes of death and disability worldwide (Wang, 2005). Inflammation plays a key role in the progression of IS (Barone and Feuerstein, 1999; Chamorro and Hallenbeck, 2006), yet the underlying mechanisms are largely unknown. Studies have shown that cerebral ischemia can disrupt the dynamic balance between pro- and anti-inflammatory responses, and suppressing the inflammatory reaction can reduce brain damage and improve neurological function (Yilmaz and Granger, 2008). IL-6 is low expressed in normal brain tissue but significantly elevated in response to injury, infection, stroke, and inflammation (Herrmann et al., 2003). IL-6 is produced by neurons, oligodendrocytes, astrocytes, and vascular ECs during cerebral ischemia (Suzuki et al., 1999; Martinez-Revelles et al., 2008; Lambertsen et al., 2012). Microglia are rapidly activated during cerebral ischemia and become key cells in the inflammatory reaction in the brain, secreting pro-inflammatory cytokines such as IL-6, IL-1β and TNF-α, which are involved in microglia-mediated neurological injury (Lambertsen et al., 2012). Previous studies have indicated that IL-6 was elevated during IS (Herrmann et al., 2003). IL-6 has several potentially essential functions in the pathogenesis of stroke. Some studies have found that cytokines such as TNF-α, IL-1α/β and IL-6 affect phospholipid metabolism during acute inflammatory reaction under cerebral ischemia, producing arachidonic acid-like substances, ceramides and reactive oxygen species (ROS), which can cause damage to the brain tissue (Adibhatla et al., 2008). After vascular occlusion, IL-1 and IL-6 expression increases and acts on vascular endothelial cells to express ICAM-1, P-selectin, and E-selectin, causing leukocyte aggregation and adhesion and mediating the inflammatory cascade to worsen cerebral ischemic injury (Huang et al., 2006).
In summary, IL-6 is one of the inflammatory cytokines in central nervous system (CNS) that activates glial cells and causes leukocyte activation to infiltrate CNS (Carlson et al., 1999). IL-6 causes inflammatory damage during cerebral ischemia and its pathological mechanisms including induction of chemotactic factor expression and synthesis of intracellular adhesion molecules would lead to an inflammatory immune cascade response, in conjunction with a compromised blood-brain barrier that causes leukocyte infiltration.
Interlukin-6 and Other Cardio-Cerebrovascular Diseases
In addition to the four most predominant diseases in the clinic, IL-6 can also affect diabetic cardiomyopathy (DCM) and atrial fibrillation (AF) (Figure 3). DCM is one of the major cardiovascular complications of diabetes by impairing the diastolic and systolic functions of the heart, which eventually leads to HF (Borghetti et al., 2018). The pathogenesis of DCM involves varied mechanisms, of which myocardial fibrosis has been shown to be the main pathological change that reduces cardiac compliance and stiffens heart by producing excess collagen (Westermeier et al., 2016). Meléndez et al. (2010)) found that IL-6 promoted collagen synthesis in cardiac fibroblasts and led to cardiac interstitial fibrosis. Zhang et al. suggested that IL-6 promoted the development of diabetic myocardial fibrosis by enhancing TGF-β1 and inhibiting miRNA-29 expression, thereby increasing collagen synthesis, and that (Zhang et al., 2014) knockdown of the IL-6 gene attenuated the development of myocardial fibrosis in DCM.
[image: Figure 3]FIGURE 3 | IL-6 in Diabetic cardiomyopathy and Atrial fibrillation. In diabetic cardiomyopathy and atrial fibrillation, on the one hand, IL-6 promotes the development of diabetic myocardial fibrosis by enhancing TGF-β1 and inhibiting the expression of miRNA-29 in cardiac fibroblasts, which increases collagen synthesis. On the other hand, IL-6 promotes the secretion of MMP-2 from cardiomyocytes, which causes atrial fibrillation due to enlargement and remodeling of the left atrium.
AF is a common clinical arrhythmia with a complex pathogenesis that is not yet fully understood. A meta-analysis (Wu et al., 2013) showed that high plasma IL-6 levels were associated with a high risk of AF in the general population and of AF recurrence following electrical cardioversion and radiofrequency ablation therapy. Aulin et al. (2015) concluded that in patients with AF, high IL-6 level is related to thromboembolism and major bleeding and is an independent risk factor for thromboembolic events. Although the mechanism of IL-6 in the pathogenesis of AF is not clear, studies (Marcus et al., 2008) have shown that IL-6 promotes MMP-2 secretion and is linked to left atrial enlargement, which is a known risk factor for AF. Therefore, it is hypothesized that IL-6 may cause AF through left atrial remodeling.
THE THERAPEUTIC POTENTIAL ROLE OF IL-6 IN CARDIO-CEREBROVASCULAR DISEASES
IL-6 has been shown to play a vital role in chronic inflammatory diseases (Tanaka and Kishimoto, 2012) which is closely related to CCVDs. Down-regulation of IL-6 signaling is considered as a strategy to reduce cardiovascular risk. Secondary analysis from CANTOS suggests that the therapeutic benefit of IL-1 inhibition for cardiovascular disease is associated with a reduction in IL-6 levels (Ridker et al., 2020). Also, it has been proved that the level of IL-6 was increased in patients with stroke and was correlated with stroke severity (Lambertsen et al., 2012). Thus, suppressing the expression of IL-6 may be a potential target for the treatment of CCVDs.
In Atherosclerosis
IL-6 signaling is in connection with atheromatous plaque formation and instability (Yudkin et al., 2000), and plasma IL-6 levels are used as a marker for cardiovascular diseases such as coronary artery disease and AS (Kinlay and Egido, 2006). In animal experiments, IL-6 administration to ApoE-/- mice fed with normal or high-fat diet was found to exacerbate AS (Huber et al., 1999). In addition to the high expression of IL-6, an inducer of STAT3 in atherosclerotic plaques, activation of STAT3 was also detected in plaques (Recinos et al., 2007), and was associated with the progression of atherosclerotic lesions (Grote et al., 2005). STAT3 activation and atherosclerotic lesion development can be inhibited by using an anti-mouse IL-6 receptor antibody (MR16-1) (Akita et al., 2017). Pro-inflammatory cytokines are known for affecting both the expression of scavenger receptors and the formation of foam cells (Li and Glass, 2002). IL-6 is expressed in atherosclerotic lesions in macrophage-rich areas (Schieffer et al., 2000) and stimulates the inflammatory reaction of macrophages, as well as SMC proliferation and thrombogenic activity (Rattazzi et al., 2003). The administration of IL-6 inhibitor (Am80) in ApoE-/- mice was able to suppress scavenger receptor expression and foam cell formation in vitro and prevent AS formation in vivo (Takeda et al., 2006). A few studies have also shown that IL-6 played a key role in angiotensin II (Ang II)-mediated CD36 expression and Ox-LDL uptake (Huber et al., 1999; Keidar et al., 2001). Consistently, CD36 obtained from ventral macrophages of IL-6-deficient mice is not up-regulated by Ang II stimulation (Keidar et al., 2001). In brief, these findings suggest that IL-6 is a major factor in plaque formation and instability, and that IL-6 promotes the development of AS, suggesting that inhibition of IL-6 or its receptors may be a novel approach to the prevention and treatment for AS.
In Myocardial Infarction
IL-6 promotes platelet aggregation and thrombosis by stimulating the production of PAI in liver (Sakamoto et al., 1992), up-regulates the expression of ICAM-1 in cardiomyocytes to increase the release of oxygen free radicals, and accelerates the decrease of Ca2+ concentration (Kinugawa et al., 1994) through NO, thereby damaging cardiomyocytes and playing a negative role in MI. In contrast, Jing et al. (2019) demonstrated that inhibition of IL-6 gene expression could activate M2 macrophages, induce macrophage polarization and inhibit fibroblast activation to reduce collagen deposition, notably improving myocardial remodeling caused by MI. Held et al. (Held et al., 2017) also found that subcutaneous injection of IL-6 antibody could ameliorate left ventricular dysfunction.
In Heart Failure
In HF patients, the increased IL-6 level is a predictive indicator of cardiac function deterioration and is in linkage to the poor prognosis of HF patients (Hirota et al., 2004). Up-regulated IL-6 promotes cardiac hypertrophy by aggravating mitochondrial dysfunction caused by oxidative stress through gp130/STAT3 signaling pathway, and induces excessive ROS production by regulating mitophagy level and increasing mitophagy-related protein expression, consequently exaggerating cardiomyocyte apoptosis (Huo et al., 2021). Besides, IL-6 changes Ca2+-handling and reduces myocardial contractility (Villegas et al., 2000), resulting in diastolic disturbance and arrhythmia (El-Adawi et al., 2003; Askevold et al., 2014). The accumulation of IL-6 provides an available inflammatory microenvironment for cardiac remodeling and subsequent HF. For this, suppressing the expression of IL-6 in myocardium may be a new way to treat HF. An experiment (Smart et al., 2006) has proved that the gene deletion of IL-6 is linked to the decrease of cardiac hypertrophy and fibrosis after angiotensin II stimulation in mice model. Plus, Kobara et al. (2010) found that the administration of MR16-1 could alleviate left ventricular remodeling after coronary artery ligation in LDLR-/- mice. Similarly, in the TAC-induced mice model, IL-6 deletion attenuated left ventricular hypertrophy and dysfunction (Zhao et al., 2016). Meanwhile, as an inhibitor of IL-6/gp130, raloxifene could ameliorate myocardial remodeling in TAC mice, attenuate HF, and partially maintain cardiac function at the late stage (Huo et al., 2021).
Currently, direct evidence concerning IL-6 inhibition on the alleviation of Cerebrovascular Diseases is scarce, but based on the findings described in the previous section, IL-6 is significantly elevated during IS and is involved in the development of IS. Since IL-6 is a very important mediator that is one of inflammatory cytokines in CNS and leads to inflammatory damage, thus, it is reasonable to infer that IL-6 has significant implications for the prevention and treatment of Cerebrovascular Diseases such as IS.
As for the role of IL-6 inhibitors in CCVDs, there are some correlative studies have proved their effects. For instance, Tocilizumab (Actemra), the first humanized monoclonal antibody against IL-6R, plays protective roles by inhibiting the binding of IL-6 to IL-6R and blocking signal transduction, thereby reducing inflammation. Besides, Cheng et al. (Cheng et al., 2015) found that during ischemia/reperfusion injury, tocilizumab competitively bound to IL-6R, suppressed STAT phosphorylation, inhibited cardiomyocyte apoptosis and maintained cardiomyocyte activity by up-regulating the apoptosis-related factor Bax and down-regulating the expression of BCL-2. Additionally, Kleveland et al. (Kleveland et al., 2016) showed that tocilizumab inhibited the myocardial inflammatory reaction in patients with non-ST-elevation MI, reduced hs-CRP levels and decreased troponin T release. Moreover, Broch et al. (Broch et al., 2021) demonstrated that the early administration of IL-6 receptor inhibitor such as tocilizumab on patients with non-ST-elevation MI within 6 h of symptom onset could reduce myocardial necrosis and infarct size. Also, tocilizumab has been well tolerated and has no significant safety concerns. Hence, there is reason to believe that inhibitors of IL-6 have a protective effect against Cardiovascular Diseases.
CONCLUSION AND PROSPECT
Since the discovery of IL-6, there have been numerous studies on the relationship between IL-6 and various diseases, and major research results have been achieved. Growing studies have made it clear that the level of IL-6 increases in varying degrees in CCVDs including AS, MI, HF and IS (Figure 4), and participates in the occurrence and development of CCVDs under the stimulation of ischemia, hypoxia, oxidative stress, inflammation and vascular occlusion. Inflammation underlies various physiological and pathological processes (Medzhitov, 2008), and its role in CCVDs is one of the hotspots of recent research. As one of the most considerable defense mechanisms in vivo, inflammation helps our body to fight against infection, injury and tissue destruction. However, once the inflammation is out of control or exists for a long time, a large number of inflammatory cells would gather in the vascular lesion sites, release potential toxic substances, directly damage the heart and brain tissue, finally resulting in cardiomyocyte and neuron edema or even death. Furthermore, inflammation is often accompanied by oxidative stress that generates excessive ROS. The strong oxidative activity is also able to damage normal cell structure, and promotes the progress of CCVDs. Moreover, inflammation during acute phase may directly affect thrombosis (Della Corte et al., 2016). Macrophages, a kind of immune cells, can penetrate damaged vascular endothelium to promote plaque formation and vascular wall fibrosis in the case of immune disorder and excess inflammation, then resulting in vascular lumen occlusion and aggravating ischemia/reperfusion injury. Cytokines release during inflammation also has the ability to alter the normal anticoagulant and pro-fibrinolytic properties of endothelium, especially IL-6, which accelerates fibrinogen production through signal transduction, accordingly promoting thrombosis and reducing myocardial contractility (Janssen et al., 2005).
[image: Figure 4]FIGURE 4 | Schematic representation of risk factor inducing IL-6 in Cardio-Cerebrovascular Disease. In response to stimulation by ischemia and hypoxia, oxidative stress, inflammation and vascular occlusion, IL-6 levels are elevated, which partly leads to the production of the acute phase protein CRP in the liver, thereby stimulating leukocyte recruitment and thrombosis, ultimately causing multiple cardio-cerebrovascular diseases.
IL-6 is an upstream cytokine that reflects the inflammatory reaction (Moriya, 2019), and is also a candidate biomarker for predicting CCVDs risk. By binding to and interacting with its specific receptor IL-6R, IL-6 activates signal transduction receptor complex gp130, and plays a cascade effect on Cardio-Cerebrovascular system, thence participates in CCVDs. In Cardiovascular Diseases, some researchers (Zhang et al., 2005) found that the level of IL-6 in myocardial tissue from MI rats increased greatly. After drugs were given to suppress the IL-6 expression, myocardial collagen deposition decreased and cardiac function was improved. Withal, a study (Harris et al., 1999) has manifested that there is a correlation between elevated IL-6 levels and cardiovascular mortality. Likewise, in Cerebrovascular Diseases, IL-6 may play a vital role in the diagnosis and prognosis of IS and could be used to predict the size of brain damage (Ferrarese et al., 1999; Lambertsen et al., 2012). The increase of IL-6 is closely associated with the size of cerebral infarction and the degree of neurological impairment. In the acute stage of cerebral ischemia, IL-6 would further aggravate ischemic injury. In conclusion, IL-6 involves in CCVDs by regulating inflammatory reaction. Although part of the mechanism is not clear yet, it can be predicted that the role of IL-6 in CCVDs would provide a new theoretical basis for the diagnosis, treatment and prognosis evaluation of diseases.
Wherefore, based on the above research foundation, in the future Cardio-Cerebrovascular therapy, IL-6 blockade strategy may provide a new therapeutic potential (Tanaka et al., 2016). Delving into the study concerning relationship between IL-6 and CCVDs and respective pathogenesis, is of great importance for the prevention and treatment of CCVDs. It is believed that with the deepening of related studies and the continuous improvement of detection technologies, anti-IL-6-related drugs or inhibitors would have a broad therapeutic prospect.
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Baicalein is one of the bioactive compounds extracted from Scutellaria baicalensis. Recent studies indicated the antitumor effects of baicalein, however, the underlying mechanisms are needed to be further determined. In this study, we found that baicalein could inhibit the tumor growth in mice models of breast cancer and melanoma and worked as an immunomodulator to promote the infiltration of tumor-associated macrophages (TAMs) and skew the TAMs towards the M1-like phenotype. Baicalein also induced M1-like phenotype polarization in THP-1-derived macrophages. Meanwhile, the expression of pro-inflammatory factors associated with M1 macrophages, including TNF-α, IL-1β, CXCL9 and CXCL10, were increased after baicalein treatment. Mechanistically, the RNA-seq data suggested that baicalein potentiated the M1 macrophage polarization via the NF-κB/TNF-α signaling pathway. ELISA and confocal microscopy assay confirmed that baicalein significantly induced the production of TNF-α and the activation of NF-κB, while TNF-α neutralization inhibited baicalein-induced macrophage polarization toward M1, and NF-κB P65 knock-down suppressed baicalein-induced TNF-α production in THP-1-derived macrophages. Phosphoinositide 3-kinase (PI3k) γ has been reported as a key molecule in macrophage polarization, and inhibition of PI3Kγ activates the NF-κB-related inflammatory signals. Our pharmacological network analysis predicted that PI3Kγ might be one of the major targets of baicalein. The results from the docking program and surface plasmon resonance (SPR) confirmed that baicalein displayed good binding activity to PI3Kγ. We further found that baicalein not only exhibited a direct inhibitory effect on the protein kinase activity of PI3Kγ, but also reduced the mRNA and protein expression of PI3Kγ, indicating that baicalein might be a novel PI3Kγ inhibitor. In summary, baicalein mediated the TAMs skewing to M1-TAMs, and then retarded tumor growth. These effects, at least in part, were linked to the PI3Kγ/NF-κB signaling.
Keywords: baicalein, tumor-associated macrophages, polarization, PI3Kγ, NF-k B
INTRODUCTION
Cancer, one of the leading causes of death globally, has always been a serious threat to public health and a formidable challenge for the current health care system. Solid tumors, such as breast cancer and melanoma, can be treated with conventional therapeutic options including surgical resection, radiotherapy, chemotherapy, as well as increasing numbers of treatment strategies developed in the past decades. However, due to the uncontrolled tumor progression, high rate of tumor metastasis, and drug resistance, a fraction of patients fail to benefit from the current treatment modalities.
TAMs represent one of the major cellular components in the Tumor Microenvironment (TME) and play a critical role in tumor pathogenesis (Ruffell and Coussens, 2015). In response to specific signals within the TME, macrophages can be activated and categorized as two main phenotypes: M1 macrophages (classically activated macrophages) and M2 macrophages (alternatively activated macrophages). The M1 phenotype typically produces tumor necrosis factor (TNF), interleukin (IL)-12 and interferon-γ (IFN-γ) inducible chemokines C-X-C motif chemokine ligand (CXCL) 9 and CXCL10 to exert pro-inflammatory and antitumor effects, whereas M2 macrophages, mainly identified by the production of IL-10 and Arg-1, are known to inhibit inflammatory responses and promote tumor progression (Mantovani et al., 2002; Murray et al., 2014; Lee et al., 2019). Within the TME, tumor cells facilitate the macrophage polarization towards M2-TAM. The decrease in M1-TAM and M1-associated cytokines and chemokines such as TNF-α and CXCL10 have also been demonstrated (Mantovani et al., 2002; De Henau et al., 2016; Kaneda et al., 2016). Thus, reeducating the TAMs to the M1 phenotype might be a promising strategy for cancer treatment (Li et al., 2019).
Traditional Chinese medicine (TCM) has been developed and applied to treating diseases for over 2,500 years (Wang et al., 2020). Scutellaria baicalensis (also known as Chinese Huang Qin) is one of the most widely used herbs in TCM formula for treating various diseases, such as diarrhea, insomnia, and acute respiratory infection. Baicalein, one of the major bioactive compounds isolated from Scutellaria baicalensis, has been demonstrated multiple pharmacological effects, including anti-inflammatory, antiviral, anti-adipogenesis and cardiovascular protective effects (Liu et al., 2016; Nik Salleh et al., 2020). Recent studies revealed that baicalein exerted anti-tumor activities in various solid tumors, such as non-small-cell lung cancer (NSCLC), and breast cancer (Yan et al., 2018; Zhao et al., 2018; Nik Salleh et al., 2020; Zhang et al., 2020). Previous reports have shown the underlying mechanisms of baicalein on suppressing the proliferation and invasion of cancer cells by inducing autophagy and apoptosis, targeting arachidonic acid pathway, inhibiting AMPK or PI3K/AKT signaling pathways (Yarla et al., 2016; Yan et al., 2018; Ke et al., 2019; Deng et al., 2020).
However, considering that the TAMs infiltrating in the TME play a key role in tumor growth and metastasis as well as prognosis after treatments (Martinez and Gordon, 2014), we evaluated the effects of baicalein on tumor immunity, especially TAMs in the TME. In addition, recent studies demonstrated PI3Kγ as an important molecule in switching the immunosuppressive and immunostimulatory functions of TAMs, which was partly associated with the NF-κB pathway (Li et al., 2019). In this study, we also clarified the underlying mechanism of baicalein-induced TAM polarization through the PI3Kγ/NF-κB pathway.
MATERIAL AND METHODS
Reagents
Baicalein (BA, C15H10O5, molecular weight: 270.24, purity ≥99%, Figure 1A) was purchased from Shanghai Ronghe Co. (Shanghai, China), and was dissolved in dimethyl sulfoxide (DMSO) and kept in −80°C. The following antibodies were obtained from Biolegend (San Diego, CA, United States): anti-mouse CD206-AF647 (Cat#141712), anti-mouse Foxp3-PE (Cat#320008), anti-mouse CD4-PerCP/Cy5.5 (Cat#100434), anti-mouse CD11b-FITC (Cat#101206), anti-mouse CD25-APC (Cat#101910), anti-mouse CD45-APC/Cy7 (Cat#157617), anti-mouse CD11c-PE/Cy7 (Cat#117318), anti-mouse F4/80-PE (Cat#123110), anti-mouse CD8a-FITC (Cat#155004), and anti-mouse CD3ε-PE/Cy7 (Cat#155706). Fixable Viability Stain (FVS) 700 was purchased from BD Bioscience (San Jose, CA, United States, Cat#564997). IFN-γ was supplied by Peprotech (Cranbury, NJ, United States, Cat#500-M90). Phorbol 12-myristate 13-acetate (PMA) was purchased from Lianke (Hangzhou, China, Cat#70-CS0001). Lipopolysaccharide (LPS) was obtained from Sigma-Aldrich (Merck Life Science, Darmstadt, Germany, SKU#L3129-25 MG).
[image: Figure 1]FIGURE 1 | Baicalein inhibited tumor growth and promoted M1 macrophage polarization, (A) chemical structure of baicalein. (B) tumor growth curves in mice bearing B16-F10 melanoma and 4T1 breast cancer. Baicalein (50 mg/kg) was treated i.p. every other day. The proportion of tumor-infiltrating macrophages and the subtypes of TAMs in mice tumor tissues after treatment were quantified by flow cytometry. Corresponding quantification results of F4/80 + TAMs (C), CD11c + M1-TAMs (D) and CD206 + M2-TAMs (E) were shown. Data are presented as mean ± SD and were obtained from at least independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001 for comparison with control group. NS, no significance. BA = baicalein.
Cell Lines and Macrophage Polarization
The B16-F10 murine melanoma cell line, 4T1 murine breast cancer cell line, and the human monocyte cell line THP-1 were purchased from the Cell Bank of the China Science Academy (Shanghai, China). 4T1 cells and THP-1 cells were cultured in the RPMI-1640 medium (Kaiji, Nanjing, China), and B16-F10 cells were maintained in the DMEM medium. All of these mediums were supplemented with 10% fetal bovine serum (FBS, ScienCell, Carsbad, CA, United States, Cat#0500). The differentiation of THP-1 into M0 macrophages was induced by incubating with 320 nmol/L PMA for 24 h, and then the cells were treated with 100 nmol/L PMA plus 20 ng/ml IFN-γ and 100 ng/ml LPS for 48 h to obtain M1 macrophages.
Flow Cytometry Assay
For analysis of tumor-infiltrating immune cells, tumors were excised, cut into small pieces, filtered through 300 mesh screens, and washed twice to obtain single-cell suspensions, and then the cells were treated with 1X red blood cell (RBC) lysis buffer. FVS700 was used for the discrimination of viable from non-viable cells. Mononuclear cells were then stained with anti-mouse antibodies against CD45, F4/80, CD11b, CD11c and CD206, and T cells were labeled with antibodies against CD45, CD3, CD4, CD8, CD25, Foxp3, according to the manufacture protocols. For analysis of THP-1 cells-derived M1 monocytes, antibody against CD86 was used (BD Bioscience, San Jose, CA, United States, Cat#560957). The cells were sorted on a BD LSRFortessa and analyzed using the FlowJo software (Ashland, OR, United States).
Quantitative RT-PCR Assay
Total RNA was extracted by Trizol (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, United States, Cat#15596018) and was reversed to cDNA using the Prime Script RT reagent Kit (TaKaRa, Japan, Cat# RR036B). The quantitative real-time PCR (qRT-PCR) was conducted according to the instructions of TB Premix Ex TaqⅡRT-PCT Kit (TaKaRa, Japan, Cat#RR820B) and data was analyzed by the 2−ΔΔCt method relative to the expression of actin. Sequences of the primers in this study were listed in Supplementary Table S1.
RNA-Seq Assay
Total RNA of cultured cells was isolated by Trizol. The concentration and purity of RNA were detected by a Bioanalyzer 4,200 (Agilent, Santa Clara, CA, United States). Analysis of RNA-seq was performed as described in our previous article (Li et al., 2020).
SiRNA Transfection
P65 siRNA was produced by Genepharma, Co. (Shanghai, China). The following sequences of siRNA were used for P65 gene knockdown: 5′-CGG AUU GAG GAG AAA CGU ATT-3′(sense) and 5′-UAC GUU UCU CCU CAA UCC GTT-3′(anti-sense). Nonspecific control oligo was used as negative controls. P65 siRNA was transfected into the cells at a final concentration of 10 nM using Lipofectamine 2,000 reagent (Invitrogen, Cat#11668030) according to the manufacturer’s instructions. P65 knockdown was tested by qRT-PCR 24 h after the transfection.
Fluorescence Confocal Microscopy Assay
Cells were seeded on coverslips in 24 wells plates. According to the instruction of the Cellular NF-κB Translocation Kit (Beyotime Biotech, Jiangsu, China, Cat#SN368), cells were fixed and then incubated with blocking buffer for 1 h. After washing, cells were incubated with NF-κB p65 antibody for 1 h at room temperature, then a Cy3 fluorescence-labeled secondary antibody was used. After that, coverslips were then incubated with phosphoinositide 3-kinase (DAPI) for 5 min. Finally, the coverslips were examined with a confocal laser scanning microscopy (Zeiss, Thornwood, NY).
Western Blotting
After treatment, the cells were resuspended in RIPA lysis buffer (Beyotime). The cellular proteins were electroblotted onto a PVDF membrane following separation via 10% SDS-polyacrylamide gel electrophoresis. The immunoblots were incubated with antibodies against P65 (molecular weight (MW): 65 kDa), p-P65 (MW: 65–80 kDa), IκB (MW: 36 kDa), p (MW: 35 kDa), and actin (MW: 42 kDa) antibodies (all from Abcam, Cambridge, United Kingdom, Cat#ab32536, Cat#ab183559, Cat#ab32518, Cat#ab133462, Cat#ab179467, respectively). Antibody against PI3Kγ (MW: 110 kDa) was purchased from Cell Signaling Technologies (MA, United States, Cat#4252S). Images were acquired by Tanon 5200-multi chemiluminescent imaging system (Tanon Science and Technology Co. Ltd., Shanghai, China).
ELISA
The supernatant of tumor tissues or cells was collected, and TNF-α levels in the supernatant were measured using enzyme-linked immunosorbent assay (ELISA) kits (Invitrogen, Cat#BMS223-4, Cat#88–7324-77) according to the manufactures’ instructions. To analyze the levels of TNF-α, 96-well Coat corning™ Costar™ 9018 ELISA plates were coated with diluted capture antibody overnight at 4°C. After washing in washing buffer, the wells were blocked with ELISA/ELISPOT diluent at room temperature for 1 h. Next, standards and diluted samples were added to appropriate wells, and incubated at room temperature for 2 h. After three times of washing, the wells were incubated with the detection antibody for 1 h. Diluted Streptavidin-HRP and TMB solutions were added and incubated accordingly following the instruction. After adding the stop solution, the signals were read at 450 nm.
Molecular Docking Analysis
GOLD Suite v5.3 was used to predict the binding site of baicalein (CID_5281605) on PI3Kγ (PDB ID:2a4z). Analysis of the binding ability and ligand binding energy with target protein was performed as described in our previous article (Wu et al., 2016).
SPR Assay
The interaction between baicalein and PI3Kγ (Abcam, Cat#ab268859) was evaluated by SPR (Nicoya Lifescience, Canada). Compounds were diluted with activation buffer. The NTA sensor chip was installed on the OpenSPR instrument following the standard procedure, and the sensor chip was loaded with NiCl2, followed by injection with His-tagged PI3Kγ protein. Different concentrations of baicalein were added to pass over the NTA sensor chip at a flow rate of 20 μl/min in the running buffer (1 mM PBS). Trace Drawer software (Ridgeview Instruments AB, The Kingdom of Sweden) was used for calculating and analyzing the kinetic parameters of the binding reaction.
PI3Kγ Kinase Assay
For the measurement of the kinase activity of PI3Kγ, ADP-Glo kinase assay kit (Promega, Madison, WI, United States, Cat#V910) and PI3Kγ (p110γ) assay kit (BPS Bioscience, San Diego, CA, Cat#79803) were used. PI3Kγ inhibitor AS-605240 (Selleck Chemicals, Houston, TX, United States, Cat#S1410) was used as a positive control. The concentration of baicalein was chosen by eight serial dilutions starting at 200 μM and subsequently diluted 4-fold in DMSO. After adding diluted compounds and ATP/substrate mixture to 96-well assay plates, PI3Kγ kinase was added to start the reaction. The plates were incubated for 40 min at 30°C and then treated with ADP-Glo reagent. After incubation for another 40 min at room temperature, kinase detection reagent was added. Luminescence was used for detecting the production of ADP to further calculate the percentage of inhibition.
In vivo Studies
Six-week-old female C57BL/6 J and Balb/c mice were purchased from Zhejiang Vital River Laboratory Animal Technology Co. (Zhejiang, China). For the B16-F10 melanoma tumor model, 2.0 x 105 B16-F10 cells were injected intradermally in the right flank of C57BL/6 J mice. For the 4T1 breast tumor model, 5 x 105 4T1 cells were injected subcutaneously in the right flank of Balb/c mice. In both models, baicalein (50 mg/kg) was injected intraperitoneally (i.p.) every other day. The treatment was initiated on day 7 and ended on day 21. Tumor size was measured every second or third day with a digital caliper and was calculated as ab2/2 (a is the longest diameter and b is the shortest diameter). On day 22, animals were sacrificed and the tumors were removed.
Statistical Methods
All the results of quantitative assays were shown as mean ± SD from three independent experiments. Statistical analysis was performed using student’s t-test for comparisons between two groups, one-way ANOVA, and subsequent Tukey’s post-hoc analysis for comparison of more than two independent groups by GraphPad Prism 7 software. p < 0.05 was considered to indicate a statistically significant difference.
RESULTS
Baicalein Inhibited Tumor Growth by Promoting M1 Macrophage Polarization
To evaluate the anti-tumor effects of baicalein in vivo, we utilized mice with the 4T1 breast tumor and B16-F10 melanoma. As shown in Figure 1B, baicalein successfully inhibited the tumor growth in both 4T1 and B16-F10 tumor-bearing mice (Figure 1B, ***p = 0.0008, ****p < 0.0001, respectively). Next, we performed flow cytometry analysis to explore the influence of baicalein on the immune cells infiltrating in the tumors. As demonstrated in Figures 1C,D, baicalein treatment promoted the infiltration of F4/80-positive TAM, and the proportion of infiltrated M1 macrophages in TAM was also increased after the baicalein treatment (Figure 1C, *p = 0.0496, ***p = 0.0005; Figure 1D, *p = 0.0344, **p = 0.0075). However, baicalein did not alter the percentage of M2 macrophages in TAMs (Figure 1E, NS: p = 0.4649, p = 0.3618). Since the role of T cells cannot be ignored in tumor growth and progression, we also analyzed CD4+ T cells, CD8+ cytotoxic T cells and CD4+CD25+Foxp3+ Treg cells in tumor-bearing mice. It is worth noting that baicalein did not influence the percentages of these subpopulations of T cells (Supplementary Figure S2).
Baicalein Potentiated M1 Macrophage Polarization in vitro
Although baicalein modulated macrophage polarization towards the M1 phenotype in vivo, whether baicalein could directly act on macrophage polarization remains unknown. Next, we examined the direct effects of baicalein on the polarization and function of macrophages in vitro. THP-1-generated macrophages have been recognized as a reasonable model of macrophage polarization (Heideveld et al., 2020), and human M1 macrophages can be identified by surface marker CD86 (Mantovani et al., 2002). Therefore, we examined the expression of CD86 in THP-1 derive M1 macrophages by flow cytometry and found that the expression of CD86 was enhanced by baicalein in a dose-dependent manner (Figure 2A, ****p < 0.0001). In addition, the mRNA expressions of M1-related pro-inflammatory cytokines and other factors (Murray et al., 2014), including TNF-α, IL-1β, CXCL9, CXCL10, KYNU and IRF-1, were significantly up-regulated after baicalein treatment (Figure 2B, *p < 0.05, **p < 0.01, ****p < 0.0001).
[image: Figure 2]FIGURE 2 | Baicalein promoted M1 macrophage polarization in vitro. THP-1-derived macrophages were treated with LPS and IFN-γ with or without different concentrations of baicalein for 24 h or 48 h. (A) the expression of CD86, the M1 macrophage marker, was quantified by flow cytometry. FlowJo software V10.0 was used for analyzing the mean fluorescence intensity data. (B) qRT-PCR was used to examine the mRNA expression levels of M1-associated genes including TNF-α, IL-1β, KYNU, CXCL9, CXCL10, and IRF1. Data are presented as mean ± SD and are obtained from at least independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, for comparison with control group. NS, no significance. BA = baicalein.
Baicalein Promoted Macrophage Skewing to M1 Phenotype via NF-κB Signaling Pathway
To determine the mechanism of baicalein-induced M1 polarization, we performed RNA-seq analysis and found that 6,584 genes were significantly down-regulated and 6,449 were markedly up-regulated in volcano plots. Moreover, the Hallmark analysis indicated that TNF-α via NF-κB signaling pathway was notably inhibited after baicalein treatment (Figure 3A).
[image: Figure 3]FIGURE 3 | Baicalein promoted M1 macrophage polarization via NF-κB/TNF-α signaling pathways. (A) left, RNA-seq analysis was performed and the volcano plot was demonstrated. (A) right, results of Hallmark analysis on up-regulated genes in the baicalein group compared with that in the control group. (B) the levels of TNF-α in the supernatant of THP-1-derived M1 macrophage (left) and tumor tissues (right) were measured by ELISA. (C) TNF-α neutralizing antibody (1,000 ng/ml) was used to block TNF-α and the percentage of CD86-positive macrophages was detected by flow cytometry. (D) M1 macrophages derived from THP-1 were treated with baicalein (60 μM) for varying times as indicated. The cytoplasmic levels of p-IκB, IκB, P65, and p-P65 were measured by western blotting. After exposure to BA for 30 min, the expression levels of p-p65 and p-IκB increased, with higher levels being sustained until 120 min. (E) nuclear translocation of NF-κB P65 in THP-1-derived M1 macrophages was detected by fluorescent staining and confocal laser scanning microscopy. Cells were treated with baicalein (60 μM) for 4 h. The expression of P65 was labeled with a primary specific antibody and a subsequent Cy3-conjugated secondary antibody (yellow). The nucleus was stained by DAPI (blue). (F) P65 siRNA was used to knock down P65 in M1 macrophages. QRT-PCR was used to detect the efficiency of P65 knockdown (left) and the mRNA expression of TNF-α in transfected cells (right). All experiments were repeated three times independently. Data are presented as mean ± SD. *p < 0.05, ***p < 0.001, ****p < 0.0001, for comparison with control group. NS, no significance. BA = baicalein, NC = negative control.
Next, we examined the levels of TNF-α from the murine tumors by ELISA and found that baicalein treatment promoted the production of TNF-α in vivo. Similarly, the increase of TNF-α secretion after baicalein treatment was also observed in vitro (Figure 3B, ****p < 0.0001, *p = 0.0106). To further verify whether TNF-α was involved in baicalein-induced M1 polarization, we neutralized TNF-α by TNF-α neutralizing antibody in THP-1-derived M1 macrophages and found that baicalein-induced increase of M1 surface marker CD86 was partially reversed after TNF-α neutralization (Figure 3C, ****p < 0.0001, ***p = 0.0005).
The activation of the NF-κB signaling pathway has been demonstrated to result in the induction of pro-inflammatory cytokines including TNF-α that are involved in the M1 macrophage polarization (Ben-Neriah and Karin, 2011; Hoesel and Schmid, 2013). On this basis, we determined the influence of baicalein on the NF-κB pathway. Western blotting data showed that p-IκB and p-P65 were up-regulated by baicalein treatment in M1 macrophages (Figure 3D). A laser-scanning confocal microscope was used to detect the nuclear transfer of NF-κB P65 and we found that baicalein treatment could markedly increase P65 nuclear translocation in M1 macrophages (Figure 3E). To further confirm that NF-κB signaling was involved in baicalein-induced TNF-α production, we knocked down the P65 gene in M1 macrophages using P65 siRNA transfection and found that the TNF-α level was significantly decreased in P65 knocked-down M1 macrophages after baicalein treatment, as compared with negative control (Figure 3F, ****p < 0.0001).
Baicalein is a Potential Inhibitor of PI3Kγ
To identify the drug-target interaction, the potential targets of baicalein were retrieved from the TCM pharmacology (TCMSP) database and analysis platform (https://old.tcmsp-e.com/tcmsp.php). A total of 37 baicalein targets (Figure 4A) were subsequently mapped to the Pharmacogenomics Knowledge Base (PharmGKB, https://www.pharmgkb.org/), the Therapeutic Target Database (TTD, http://db.idrblab.net/ttd/), the DrugBank (https://go.drugbank.com/), the GeneCards (https://www.genecards.org/) and Online Mendelian Inheritance in Man (OMIM, https://www.omim.org/) to obtain the associated targets in melanoma. There were 22 targets that were associated with melanoma (Figures 4A,B).
[image: Figure 4]FIGURE 4 | Baicalein is a potential inhibitor of PI3Kγ. (A) pharmacological network of baicalein (molecular ID: mol002714) and melanoma targets generated with Cytoscape V3.8.1. The property of yellow nodes are the common targets of drug and disease. All protein targets are represented by their gene symbols. (B), protein-protein interaction (PPI) network of drug and disease target analysis. (C,D) the mRNA expression and protein levels of PI3Kγ p110 in THP-1-derived M1 macrophages with or without baicalein treatment. (E) the molecular docking of baicalein on PI3Kγ. (F) the binding curve of baicalein to PI3Kγ was measured by SPR. (G) the inhibitory effect of baicalein on PI3Kγ. Data are presented as mean ± SD and are obtained from at least independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, for comparison with control group. BA = baicalein.
Among these targets, PI3KCG (Phosphatidylinositol-4,5-Bisphosphate 3-Kinase Catalytic Subunit Gamma, also known as PI3Kγ) has been demonstrated as one of the key molecules that modulate the immune function of macrophages in tumors. Furthermore, it has been reported that PI3Kγ inhibited the anti-cancer immunity and promoted the immunosuppressive functions of TAMS by attenuating the activation of the NF-κB pathway (De Henau et al., 2016; Kaneda et al., 2016). Our qRT-PCR and western blotting results showed that baicalein treatment markedly suppressed the PI3Kγ in mRNA and protein levels in THP-1 derived macrophages (Figures 4C,D; *p = 0.0244, **p = 0.0046, ****p < 0.0001). We also utilized the docking grogram GOLD Suite v5.3 to obtain information regarding the docking ability of baicalein to PI3Kγ. The optimal binding conformation of the baicalein-PI3Kγ complexes was presented in Figure 4E and the binding energy value of baicalein was −8.873 kcal/mol, which predicted good binding activity to PI3Kγ. The localized SPR analysis further confirmed baicalein’s binding affinity on PI3Kγ (Figure 4F). Next, the in vitro protein kinase assay for PI3Kγ demonstrated that baicalein inhibited PI3Kγ in a dose-dependent manner (Figure 4G).
DISCUSSION
The application of baicalein, as a main bioactive ingredient extracted from the root of medical herb Scutellaria baicalensis, has been studied in the treatment of a variety of cancers, such as breast cancer, NSCLC, nasopharyngeal carcinoma, hepatocellular carcinoma, and the underlying mechanisms mainly focus on inducing apoptosis and autophagy, cell cycle arrest, inhibiting proliferation and invasion of tumor cells (Bie et al., 2017; Yan et al., 2018; Guo et al., 2019; Nik Salleh et al., 2020; Zhang et al., 2020). In addition to malignant cells, increasing evidence demonstrated the dominant role of the large proportions of immune cells within the TME in orchestrating tumor progression and resistance to anti-tumor drugs (Cassetta and Pollard, 2018). In response to the stimuli of tumor-derived factors, TAMs abundant in the TME of most cancers can be switched into an immunosuppressive phenotype to inhibit antitumor responses of T cells (Li et al., 2019). Selectively depletion of TAMs and reprogramming immunosuppressive M2-like TAMs to antitumor M1 phenotypes has been explored for anti-tumor therapies (Arlauckas et al., 2017; Cassetta and Pollard, 2018). So far, to our knowledge, the immunomodulatory effects of baicalein on TAMs in the tumor mass remain elusive. In this study, we revealed the anti-tumor activity of baicalein in melanoma and breast cancer, and determined the mechanism through the immune cells in TME.
Our results identified that baicalein significantly increased the percentage of tumor-killing M1 phenotype in the TME of melanoma and breast cancer. To determine if baicalein could directly regulate macrophage polarization, we treated THP-1-derived macrophages with baicalein and found that baicalein not only induced M1 macrophage polarization but also enhanced the production of M1-related factors, such as IRF1, KYNU, CD86, IL-1β, and TNF-α. Regarding that immune profiles of different murine solid tumors are associated with tumorigenesis and prognosis (Yu et al., 2018), we chose mice bearing B16-F10 melanoma and triple-negative breast cancer 4T1 to explore the treatment effects of baicalein, because both tumor models have been recognized as poorly immunogenic (Aznar et al., 2019). Inherently low levels of immune infiltration including macrophages (CD45 + CD11b + F4/80+) were presented in B16-F10 melanoma, and myeloid cells (CD11b+) from 4T1 tumors were found to exert suppress proliferation of T cells more than myeloid cells from B16-F10 (De Henau et al., 2016; Aznar et al., 2019). We found that baicalein significantly inhibited tumor growth in both tumor-bearing mice, and the therapeutic effects were more attributed to TAMs skewing to the M1 phenotype. M1-like macrophages were described as highly phagocytic and highly inflammatory and could facilitate anti-tumor immune response in the TME by secreting nitric oxide, reactive oxygen species (ROS), and inflammatory cytokines, including TNF-α, IL-1 and IL-6 (Brown et al., 2017; Yang et al., 2020).
Although it has been reported that baicalein exhibited an inhibitory effect on M2-TAMs, we did not observe any significant changes in the percentage of M2 phenotype in vivo, and baicalein treatment did not alter the M2-related markers in vitro as well (data not shown). The different results of baicalein on M2-like phenotype in these two studies might be due to the utilization of different tumor mice models. Zhao et al. (2018) used nude mice bearing MDA-MB-231 human breast cancer cells mixed with THP-1 human monocyte-derived macrophages, while we used mice bearing B16-F10 murine melanoma cells and 4T1 murine breast cancer cells. Zhao et al. (2018) mice were immunodeficient, while the immune system of our mice was not compromised.
Next, we determined the mechanism of baicalein on the M1 phenotype polarization by RNA-seq analysis and found that baicalein could increase TNF-α production in M1 macrophages via the NF-κB pathway. TNF-α is one of the major M1-related markers. We also observed that inhibition of TNF-α by TNF-α neutralized antibody partially reversed the baicalein-induced M1 polarization. Under the stimuli of LPS and IFN-γ, the activation of the NF-κB pathway is crucial for the activation of M1-like TAMs (Martinez and Gordon, 2014). Consistent with this, we found that baicalein further increased the phosphorylation levels of IκB and P65 and enhanced the nuclear translocation of P65 in the LPS/IFN-γ induced M1-like macrophages. In addition, the P65 gene knockdown suppressed expression of TNF-α in cells treated with baicalein, which further supported that baicalein switched TAMs to immunostimulatory M1 phenotype via NF-κB/TNF-α signaling.
As innate immune cells and antigen-presenting cells, the activated M1 exerts its tumor-killing function not only by direct cytotoxicity and production of inflammatory cytokines and chemokines, but also by increasing the recruitment of T cells and enhanced tumor-specific T helper 1 (Th1) response (Martinez and Gordon, 2014; House et al., 2020). It has been reported that CXCL9/CXCL10 production derived from macrophages can orchestrate T cell recruitment and activation (House et al., 2020), and we observed significantly elevated levels of CXCL9/CXCL10 in M1 phenotype cells treated with baicalein, however, the percentage of T cells in TME was not influenced by baicalein. Given that the results of RNA-seq indicated an upregulation of hypoxia-inducible factor 1 (HIF-1) pathway in baicalein-treatment cells (Figure 3A) and HIF-1 has been recognized as an important negative modulator of T cell response (McNamee et al., 2013), therefore, we suspected that such metabolic parameter might lead to the dysfunctional tumor-infiltrating T cell states. Furthermore, our results showed that baicalein treatment did not alter the percentage of CD206 + M2-TAMs, and recent studies revealed that the long-lasting interaction between CD206 + macrophages and CD8+ T cells impeded the T cell migration into the tumor site (Peranzoni et al., 2018), which may also elucidate the no alternation on T cell infiltration.
PI3Kγ has been reported as a key molecule in macrophage polarization, and inhibition of PI3Kγ activates the NF-κB-related inflammatory signals (De Henau et al., 2016; Kaneda et al., 2016). Therefore, we assessed whether PI3Kγ was a potential target of baicalein. Our pharmacological network analysis predicted that PI3Kγ might be one of the major targets of baicalein in the tumor and the results from the docking program and LSPR confirmed that baicalein displayed good binding activity to PI3Kγ. We further found that baicalein not only exhibited a direct inhibitory effect on the protein kinase activity of PI3Kγ, but also reduced the mRNA and protein expression of PI3Kγ, indicating that baicalein might be a novel PI3Kγ inhibitor. It has been reported that PI3Kγ inhibitor, such as IPI-549, could promote the anti-tumor effect of anti-PD-1 antibody by remodeling myeloid cell infiltration, especially TAMs in tumors, which provides a rationale to consider that baicalein, as a potential PI3Kγ inhibitor, might overcome the drug resistance to immune checkpoint blocking (ICB) antibodies (De Henau et al., 2016; Kaneda et al., 2016). Further studies are needed to verify this hypothesis.
In summary, baicalein mediated the TAMs skewing to M1-TAMs in TME, and then retarded tumor growth. These effects, at least in part, were linked to the PI3Kγ/NF-κB signaling pathway(Figure 5). Therefore, this study provides new insights into the mechanism of the baicalein-mediated antitumor effect.
[image: Figure 5]FIGURE 5 | Schematic diagram of mechanism about baicalein in promoting macrophage toward M1 polarization. BA = baicalein.
DATA AVAILABILITY STATEMENT
The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: Sequence Read archive (SRA), PRJNA750043.
ETHICS STATEMENT
The animal study was reviewed and approved by Fudan University.
AUTHOR CONTRIBUTIONS
SH performed all experiments, analyzed data and wrote the manuscript. SW assisted in experiments and data acquisition. SL and ZL assisted in manuscript preparation. JW planned experiments, supervised experiments, and assisted in data analysis. XL initiated experiments, provided funding and intellectual input to data interpretation. All authors read and approved all versions of the manuscript.
FUNDING
The present study was supported by grants from the National Natural Science Foundation of China (81973582 and 82003357) and the Shanghai Science and Technology Committee (21YF1404500).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.743837/full#supplementary-material
Supplementary Figure S1 | Flow cytometry discrimination for TAMs by cell surface and intracellular markers. A gating strategy showing the detailed sequence of flow plots. Immune cells were gated as follows: (A,B) single cells were gated by FSC-A, SSC-A, and FSC-H out of the events from (A); (C) dead cells stained with FVS700 were excluded; (D) CD45+ cells were gated from the live cells; (E) from CD45+ cells, CD11b+ monocytes were further assessed; (F) M1-TAMs were separated based on the expression of CD11c and F4/80 from (E); (G), M2-TAMs were designed as CD206+ F4/80+ cell population from (E).
Supplementary Figure S2 | (A–G) Flow cytometry gating strategy for T cells in tumor tissues. Immune cells were gated as follows: live, CD45+CD3+CD4+T cells (F); live, CD45+CD3+CD8+T cells (F); live, CD45+CD3+CD4+Foxp3+CD25+ Treg cells (G). Quantification results of CD4+T cells, CD8+ T cells, and Treg cells in tumor tissues from B16-F10 and 4T1 tumor-bearing mice after baicalein treatment were shown in (H–L). Data are presented as mean ± SD. NS, no significance. BA=baicalein.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) or COVID-19 infection is the cause of the ongoing global pandemic. Mortality from COVID-19 infection is particularly high in patients with cardiovascular diseases. In addition, COVID-19 patients with preexisting cardiovascular comorbidities have a higher risk of death. Main cardiovascular complications of COVID-19 are myocardial infarction, myocarditis, acute myocardial injury, arrhythmias, heart failure, stroke, and venous thromboembolism. Therapeutic interventions in terms of drugs for COVID-19 have many cardiac adverse effects. Here, we review the relative therapeutic efficacy and adverse effects of anti-COVID-19 drugs.
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INTRODUCTION
Coronavirus disease 2019 (COVID-19) is a current global, emerging, and pandemic respiratory disease caused by an infection of SARS-CoV-2 (Huang et al., 2020). SARS-CoV-2 is a kind of RNA virus with a characteristic envelope and a linear single positive strand genome, which is different from severe acute respiratory syndrome (SARS) and Middle East respiratory syndrome (MERS) in infectivity and gene structure (Chen et al., 2020; Rabaan et al., 2020; Shereen et al., 2020). So far, there were more than 183 million documented global cases of COVID-19 and 4 million deaths according to reports of the World Health Organization (WHO) and Johns Hopkins University (Johns Hopkins University, 2021; WHO, 2021). In other words, the global pandemic of COVID-19 infection is still serious, although vaccines from different countries and companies have been used worldwide (Dong et al., 2020; Kissler et al., 2020; Zhang et al., 2020a). Therefore, it is necessary to discuss the adverse effects of different therapies.
So far, the main anti-COVID-19 therapies are drug treatments. However, there are few effective drugs, and cardiovascular complications of drugs and SARS-CoV-2 mutation make it harder for potential drugs to effectively control the COVID-19 pandemic (Hamid et al., 2020).
COVID-19 is more than just a lung disease, and cardiovascular complications are common and serious in patients with COVID-19 (Bikdeli et al., 2020; Lala et al., 2020; Lang et al., 2020; Li et al., 2020; Liu et al., 2020d; Madjid et al., 2020). COVID-19 patients with cardiovascular and respiratory comorbidities contribute to the highest case fatality rate (Figure 1) (CDC, 2020a; Clerkin et al., 2020; Giustino et al., 2020; Kunutsor and Laukkanen, 2020; Li et al., 2020a; Qiu et al., 2020). Cardiovascular disease patients are more susceptible to SARS-CoV-2 and more likely to develop severe COVID-19 (Akhmerov and Marbán, 2020; Chung et al., 2020; Driggin et al., 2020; Han, 2020; Katz et al., 2020; Mahmud et al., 2020). In particular, children with COVID-19 have also been reported to develop hyperinflammatory shock with characteristics similar to Kawasaki disease, including abnormalities of the coronary vessels and cardiac dysfunction (Akca et al., 2020; Alizargar, 2020; Toubiana et al., 2020). Common cardiovascular complications of COVID-19 are arrhythmias, direct cardiac injury, fulminant myocarditis, acute myocardial infarction, heart failure, pulmonary embolism, and disseminated intravascular coagulation (Aid et al., 2020; Barison et al., 2020; Guzik et al., 2020; Long et al., 2020; Maleszewski et al., 2020; Matsushita et al., 2020). Cytokine storm is associated with the severity and mortality of COVID-19 patients, which may be regulated by a key inflammation regulator known as the NLRP3 inflammasome (Liu et al., 2018; Liu et al., 2020a; Ruscitti et al., 2020; Ye et al., 2020). Excess activation of NLRP3 inflammasome increases the cardiovascular complication in COVID-19 patients (Bertocchi et al., 2020; Freeman and Swartz, 2020; Paniri and Akhavan-Niaki, 2020). However, to date, little is known about the cardiovascular complications of anti-COVID-19 drug therapy.
[image: Figure 1]FIGURE 1 | (A) Proportion of the Chinese patients and their comorbid conditions that were diagnosed with COVID-19. (B) Proportion of the Chinese patients and their comorbid conditions that died from COVID-19. (C) Proportion of the global patients and their comorbid conditions that were diagnosed with COVID-19. (D) Proportion of the global patients and their comorbid conditions that died from COVID-19. All the four figures indicate that the major complications of COVID-19 are the cardiovascular related diseases.
Current common anti-COVID-19 therapies include antiviral treatment, immunotherapy, convalescent plasma, traditional Chinese medicine, oxygen therapy, nutritional support, mechanical ventilation, and nursing care (CDC, 2020b; Inglis et al., 2020; Zhang, 2020g; Nih, 2021; Yetman and Vinetz, 2021). It is important to understand in-depth the cardiovascular complications of anti-COVID-19 therapy to further define the benefit of drug treatment strategies. Here, we summarize the cardiovascular complications of anti-COVID-19 drugs and discuss the performance of various treatment options to shed light on drug therapies for COVID-19.
MECHANISMS OF CARDIOVASCULAR COMPLICATIONS OF COVID-19
The interplay between cardiovascular disease (CVD) and COVID-19 may manifest itself in three patterns: 1) CVD increases mortality among COVID-19 patients; 2) SARS-CoV-2 infection causes new CVD; 3) Drugs for CVD patients interfere with the physiology, pathophysiology and pharmacology of COVID-19 and vice versa (Ferrari et al., 2020). The mechanisms for the cardiovascular complications of COVID-19 are still not fully understood. However, the main pathways of cardiovascular complications of anti-COVID-19 drugs have been proposed are listed as follows (Figure 2): 1) direct cardiotoxicity; 2) systemic inflammation; 3) mismatch of myocardial supply and demand; 4) plaque rupture and thrombosis of coronary; 5) disseminated intravascular coagulation due to sepsis; 6) imbalances of electrolyte; 7) endotheliitis and 8) hypercoagulability (Bansal, 2020; Kang et al., 2020; Nishiga et al., 2020; Nägele et al., 2020; Varga et al., 2020).
[image: Figure 2]FIGURE 2 | The main pathways of cardiovascular complications of anti-COVID-19 drugs.
There is a common consensus that receptor-mediated endocytosis is the main way for the virus to enter cells. Up to now, a well-known molecular mechanism of COVID-19 is that SARS-CoV-2 can directly or indirectly invade humans by binding to angiotensin converting enzyme 2 [ACE2, an important component of the renin-angiotensin-aldosterone system (RAS)], which can lead to alterations in the ACE2 signaling pathway and subsequently induce lung and myocardial injury (Figure 3) (Liu et al., 2020g; Brojakowska et al., 2020; Sharma, 2020; Wang et al., 2020b; Wang et al., 2020d; Zheng et al., 2020; Zhou et al., 2020). The interaction of SARS-CoV-2 with RAS leads to electrolyte imbalance and results in hypokalemia (Lumpuy-Castillo et al., 2020). As RAS inhibitors, angiotensin converting enzyme inhibitors (ACEIs), angiotensin receptor blockers (ARBs), and statins were used to decrease the risk of COVID-19 infection or severity by improving endothelial dysfunction (Liu et al., 2020f; De Spiegeleer et al., 2020; Lee et al., 2020; Nägele et al., 2020). Although some studies challenged ACEIs/ARBs/statin therapy for COVID-19, ACEIs/ARBs/statin treatment should continue in patients with COVID-19 based on available reported evidence (Liu et al., 2020d; Fosbol et al., 2020; Hasan et al., 2020; Mehta et al., 2020; Zhang et al., 2020d; Zhang et al., 2020e; Tetlow et al., 2021).
[image: Figure 3]FIGURE 3 | The life cycle of SARS-CoV-2 in host cells, annotated with the known mechanisms by ACE2 biology pathway. ACE2 can be recognized by the spike (S) protein on the surface of SARS-CoV-2, and their combination enable the virus to enter human cells in term of attachment, fusion and entry. S protein compose of S1 subunit (containing receptor-binding domain (RBD) which can bind to host receptor) and S2 subunit (fusing the viral and host membranes). Therefore, both ACE2 and S protein can serve as targets for the development of entry inhibitors, antibodies, and vaccines. Any substances modifying ACE2-S protein complex are valid targets for anti-COVID-19 agents. For instances, human recombinant soluble ACE2 (hrsACE2, its structure similar with ACE2) and recombinant RBD protein (hrRBDP, its structure similar with S protein) are competitively binding to S protein and ACE2 receptor, which ultimately participate in the fight against COVID-19.
The most severe cases of COVID-19 are characterized by an acute systemic inflammatory response, cytokine storm, endotheliitis, and hypercoagulability. Systemic infection, coupled with hypoxia, can lead to imbalance/mismatch of the myocardial supply and demand ratio. Increased of systemic inflammation and shear stress due to elevated coronary blood flow causes plaque rupture and subsequent arrhythmias, acute myocardial infarction, and heart failure. It is well known that endothelial cells play a crucial role in the maintenance and regulation of vascular homeostasis and coagulation. Endodermatitis, characterized by endothelial dysfunction and hypercoagulability, is a common feature of major comorbidities that increase the risk of severe COVID-19 (Becker, 2020; Fan et al., 2020; Panigada et al., 2020).
TREATMENT PLAN FOR CARDIOVASCULAR COMPLICATIONS OF COVID-19
Common treatment of COVID-19 patients with cardiovascular complications includes traditional care, coronary angiography and percutaneous coronary intervention if indicated, the use of anticoagulants and antiplatelet agents, and supportive care. Some patients with circulatory collapse may need extracorporeal circulatory support. Next, we briefly summarize the cardiovascular complications of anti-COVID-19 drug therapy (Table 1).
TABLE 1 | Antiviral and anti-inflammatory drugs that have been suggested for the treatment of COVID-19 infection.
[image: Table 1]Antiviral Treatments
Lopinavir/Ritonavir
Lopinavir is a human immunodeficiency virus (HIV) protease inhibitor, which was approved by the US Food and Drug Administration (FDA) in 2000 and allowed for listing in China in 2008 (Oldfield and Plosker, 2006). Lopinavir inhibits the action of the enzyme 3-chymotrypsin-like protease and P-glycoprotein, which plays a crucial role in the distribution and elimination of lopinavir (Zhang et al., 2020c). Ritonavir is used in combination with lopinavir because it can increase the half-life of lopinavir by inhibiting the metabolizing enzyme cytochrome P450 3A (Abbvie, 2020). The combination of lopinavir and ritonavir has been preferred for the treatment of COVID-19 (Cao et al., 2020; Li and De Clercq, 2020; Pillaiyar et al., 2020). However, it has recently been shown to be ineffective according to a randomized controlled trial (Cao et al., 2020). Interestingly, common adverse reactions of the combination of lopinavir and ritonavir include hypertension, prolonged P-R and prolonged QT interval, torsade de pointes, severe conduction disorders, and cardiac arrhythmias (Badiou et al., 2003; Abbvie, 2012; Gerard et al., 2020). Additionally, the combination of lopinavir/ritonavir can induce drug-related cardiotoxicity by regulating cardiomyocyte pyroptosis, lysosome-mediated protein degradation, calcium signaling pathway, and the phosphatidylinositol 3-kinase (PI3K)/protein serine threonine kinase (Akt) signaling pathway (Reyskens et al., 2013). Therefore, changes in electrocardiograms and alteration of blood lipids should be monitored and checked in patients with COVID-19 and dyslipidemia. The current mode of administration of lopinavir/ritonavir is oral, and the recommended dose is twice a day and two capsules each time with 200 mg/50 mg/capsule for adults. The course of treatment lasts less than 10 days.
Remdesivir
Remdesivir is an inhibitor of viral RNA-dependent RNA polymerase (RdRp) with broad-spectrum activity against several members of the virus family such as coronaviruses (e.g., SARS-CoV and MERS-CoV) and filoviruses (e.g., Ebola). RdRp is essential for the replication of SARS-CoV-2 (Spinner et al., 2020). Remdesivir is currently the only drug approved by the FDA for the treatment of COVID-19. It is usually used in hospitalization of patients who require supplemental oxygen. Until now, remdesivir and dexamethasone have been recommended as first-line antiviral therapy for COVID-19 (Fan et al., 2020; Horby et al., 2020; Spinner et al., 2020). Remdesivir shows an excellent antiviral infection ability in vivo experiment (EC50 = 0.77 μM; CC50 > 100 μM; SI > 129.87) compared to favipiravir, ribavirin, penciclovir, nitazoxanide, nafamostat, and chloroquine (Wang et al., 2020c). Although remdesivir has a numerically faster time to clinical improvement than placebo in patients, there was no statistically significant difference between the two groups. Notably, remdesivir is not recommended for mild patients due to a high incidence of adverse events (Wang et al., 2020g). Another larger study confirms that remdesivir was superior to placebo in shortening recovery time and reducing the incidence of adverse events (Beigel et al., 2020). Known adverse events of remdesivir are hypotension, bradycardia, QTc prolongation, and T-wave abnormality (Gubitosa et al., 2020; Gupta et al., 2020; Touafchia et al., 2021).
Interferon-α (IFN-α)
IFN-α, a low molecular glycoprotein, is characterized by antiviral, antiproliferative, antidifferentiation, and immunoregulatory functions. IFN-α is used for the control of COVID-19 in light of the urgency to confront the COVID-19 pandemic (Hariramnile et al., 2020; Sallard et al., 2020; Wang and Fish, 2020a). Type I interferon inhibited SARS-CoV-2 in vitro experiments (Mantlo et al., 2020). The main adverse reactions of IFN-α include ischemic cardiomyopathy, arrhythmias, and hypertension or hypotension (Sleijfer et al., 2005; Pichler, 2006; Kuo et al., 2018). In addition, it causes endothelial dysfunction by promoting the expression of factors related to oxidative stress (Buie et al., 2017). IFN-α can also cause acute myocardial injury by enhancing atherosclerotic plaques polarization of in M1 macrophages and inhibit angiogenesis by regulating signal transduction and activator of transcription 1 (STAT1) and STAT3 (Nelson et al., 2015; Hsu et al., 2017). The mode of administration of IFN-α is aerosol inhalation, and the recommended dose is 5 million units or equivalent mixed with 2 ml of sterile water twice per day for adults. Although the drug is administered locally in the respiratory tract, one should be vigilant of its cardiotoxicity and pay close attention to electrocardiogram changes, the development of acute myocardial infarction, and heart failure, especially in elderly patients with preexisting cardiovascular diseases.
Ribavirin
Ribavirin is a purine nucleoside analogue with broad-spectrum antiviral activity, which can effectively inhibit the proliferation of a variety of respiratory viruses. Ribavirin overdoses can increase the risks of bradycardia (17%), anemia (27%), and hypomagnesemia (45%) (Muller et al., 2007). It is administered in different ways in various diseases (Ma et al., 2020). This drug can also be used in both pediatric and adult populations co-infected with hepatitis B and HIV. At present, ribavirin combined with interferon and/or lopinavir/ritonavir is recommended for patients with COVID-19 (Elfiky, 2020a; Elfiky, 2020b; Hung et al., 2020; Li and De Clercq, 2020). Wang et al. reported that ribavirin can inhibit virus growth (EC50 = 109.50 μM, CC50 > 400 μM, SI > 3.65) in Vero E6 cells (Wang et al., 2020c). Common adverse reactions of ribavirin include dyspnea and chest pain, especially in patients with COPD and asthma (Lu et al., 2015). Long-term (lasting 13 days) and high-dose (600 mg twice per day) ribavirin increased the risk of developing cardiovascular disease events and raised the risk of death in patients with cardiovascular disease (Beigel et al., 2017). Ribavirin can induce mitochondrial toxicity and energy metabolism disorders of cardiomyocytes by promoting mitochondrial calcium metabolism disorders (Lafeuillade et al., 2001). Therefore, ribavirin may increase the risk of cardiac dysfunction in patients with preexisting cardiovascular diseases. The recommended administration of ribavirin for COVID-19 is intravenous infusion (500 mg, 2–3 times a day) with interferon-α or lopinavir/ritonavir, and the duration of therapy is not longer than 10 days.
Chloroquine
Chloroquine is used mainly in the treatment of malarial and rheumatic diseases (Savarino et al., 2003; Wang et al., 2020c; Wu et al., 2020). It served to treat COVID-19 patients due to the characteristic of inhibiting endosomal acidification required for virus-host cell fusion. Chloroquine has been the drug of choice for large-scale use in the treatment of COVID-19 patients due to its wide availability, proven safety record, and relatively low cost (Cui et al., 2020; Ledford, 2020; Shah et al., 2020). However, excessive use of chloroquine can cause cardiovascular dysfunction such as hypotension, hypokalemia, QRS and QT prolongation, atrioventricular block, arrhythmias, and even coma (Wong, 2020). In addition, COVID-19 patients receiving a combination of hydroxychloroquine and azithromycin had a longer QT interval than those taking hydroxychloroquine alone in a cohort study (Mercuro et al., 2020). Furthermore, recent studies demonstrated that chloroquine and hydroxychloroquine were not effective drugs for COVID-19 (Brown et al., 2020; Cavalcanti et al., 2020; Ferner and Aronson, 2020; Rosenberg et al., 2020). The therapeutic dose of drugs is in a narrow concentration range that requires appropriate doses for different populations.
Common derivatives of chloroquine (CQ) are chloroquine phosphate (PCQ) and hydroxychloroquine (HCQ). PCQ, as an approved immune modulator, can effectively block SARS-CoV-2/2019-nCoV infection (EC50 = 1.13 μM; CC50 > 100 μM, SI > 88.50) in Vero E6 cells (Beigel et al., 2020). PCQ can control the electrophysiological activity of the heart by regulating the energy metabolism of cardiac myocytes, voltage-gated ion channels, calcium channel, and electrochemistry transporters (Mubagwa, 2020). However, CQ can induce serious cardiovascular reactions such as arrhythmias, shock, and Adams-Stokes syndrome (Pareek et al., 2018). Recently, several reviews have noted out that CQ and HCQ induce significant prolongation of the QT interval and potentially increase the risk of serious arrhythmias and sudden death (Aggarwal et al., 2020; Jankelson et al., 2020; Zhang et al., 2020g).
The structures and mechanisms of HCQ and CQ are similar to those of PCQ. Wang et al. showed that HCQ can effectively block the replication of SARS-CoV-2 in vitro and improve the clinical symptoms of patients with COVID-19 (Wang et al., 2020c). Previous studies have shown that HCQ can reduce cardiovascular risk, especially the incidence of cardiac dysfunction in patients with myocardial infarction (Liu et al., 2018; Rempenault et al., 2018; Schrezenmeier and Dörner, 2020). Although the FDA has authorized the use of HCQ and CQ for the treatment of COVID-19, one still needs to be aware of its adverse cardiovascular reactions such as atrioventricular block, cardiomyopathy, and heart failure. Compared with CQ, HCQ is less toxic and more potent in inhibiting SARS-CoV-2 infection in vitro (Liu et al., 2020b). There is no association between HCQ administration and the risk of composite endpoint of intubation or death based on an observational study (Geleris et al., 2020). There is no proven benefit for the use of HCQ in patients with COVID-19. In addition, it is worth noting that CQ has been revoked with the emergency use authorization (EUA) by the FDA (Rome and Avorn, 2020).
Baricitinib
Baricitinib is known as an inhibitor of Janus-associated kinase (JAK), specifically referring to JAK1 and JAK2, which is approved by the FDA and the EU for the treatment of rheumatoid arthritis with high efficacy and safety records (Markham, 2017). It was identified as the numb-associated kinase inhibitor (NAK) with selectivity of the adapter protein-2 complex (AP2)-associated protein kinase 1 (AAK1) and cyclin G-associated kinase (GAK) that are mediators or regulators of viral endocytosis (Stebbing et al., 2020). Inhibition of AAK1 by baricitinib can interrupt virus entry into cells and subsequently stop intracellular assembly and virus replication. In summary, baricitinib against COVID-19 relies mainly on inhibiting cytokine release and SARS-CoV-2 endocytosis (Magro, 2020; Richardson et al., 2020; Zhang et al., 2020f). A recent study found that baricitinib improved clinical conditions in 12 patients with mild and moderate COVID-19 (Cantini et al., 2020a). Another study demonstrated that baricitinib had a lower fatality rate and admission to the ICU, but a higher discharge rate compared with controls at week 1 and week 2 (Cantini et al., 2020b). However, baricitinib was not recommended to treat patients with severe COVID-19 with susceptible constitution, at least be cautious (Favalli et al., 2020). Up to now, baricitinib and remdesivir have been vapproved by the FDA through emergency use authorization (EUA) for hospitalized COVID-19 patients (Kalil et al., 2021). Nonetheless, baricitinib is not an approved standalone drug by the FDA for COVID-19 treatment. The common adverse effect of baricitinib on COVID-19 is hyperglycemia, infections, and thromboembolic events.
Arbidol
Arbidol is a non-nucleoside antiviral drug mainly for the treatment of influenza and other viral infections, which has inhibitory effects on both enveloped and nonenveloped viruses (Boriskin et al., 2008; Liu et al., 2009; Blaising et al., 2014). As a highly selective hemagglutinin inhibitor, arbidol can effectively target the hemagglutinin fusion machinery and prevent CoVs from anchoring the cell surface and invading cells (Blaising et al., 2014). Arbidol can block the trimerization of the SARS-CoV-2 spike glycoprotein and host cell adhesion, and effectively inhibit SARS-CoV-2 in vitro (Deng et al., 2020; Vankadari, 2020; Wang et al., 2020e). A recent study suggested that arbidol was superior to lopinavir/ritonavir against COVID-19 (Zhu et al., 2020). The combination of arbidol and lopinavir/ritonavir was better than lopinavir/ritonavir in anti-COVID-19 therapy (Deng et al., 2020). In addition, arbidol alone could be used to treat COVID-19 patients with mild symptoms (Xu et al., 2020). However, a recent study showed that neither arbidol nor lopinavir/ritonavir could beneficially affect the outcomes of COVID-19 patients, and contributed to adverse effects such as diarrhea, poor appetite, and abnormal liver function (Li et al., 2020b). Common cardiovascular adverse effects of arbidol include nausea, diarrhea, dizziness, liver injury, vomiting, and bradycardia. The recommended dose of arbidol for COVID-19 patients is 200 mg PO each time and three times per day, and the course of therapy is not longer than 10 days.
Other Antiviral Drugs
Other common candidate antiviral drugs for COVID-19 are fapiravir, penciclovir, sofosbuvir, and galidesivir (Pillaiyar et al., 2020; Richardson et al., 2020; Wang et al., 2020c). Their main adverse effects include hypotension and arrhythmias. Fapiravir is a broad-spectrum anti-influenza drug, which exerts an antiviral effect mainly by inhibiting RNA synthetase (Gao et al., 2020; Wang et al., 2020c). Sofosbuvir is an FDA-approved drug that is mainly used to treat patients with hepatitis C with various genotypes. Sofosbuvir is converted in a host cell to its active form, nucleoside triphosphate through phosphorylation, which terminates RNA replication in the nascent viral genome through competition with the nucleotides of invasive viruses (Sayad et al., 2020). Elfiky reported that sofosbuvir, ribavirin, remdesivir, galidesivir and tenofovir can be bound to COVID-19 RNA polymerase and are potent drugs against COVID-19 infection (Elfiky, 2020b). In vitro experiments indicate that remdesivir (EC50 = 0.77 μM; CC50 > 100 μM; SI > 129.87), fapiravir (EC50 = 61.88 μM, CC50 > 400 μM, SI > 6.46) and penciclovir (EC50 = 95.96 μM, CC50 > 400 μM, SI > 4.17) can effectively inhibit SARS-CoV-2 (Wang et al., 2020c). However, these drugs have their own cardiovascular risk. For example, Mulangu et al. (2019) reported that an Ebola patient who received remdesivir had hypotension and subsequently died due to cardiac arrest. Caldeira et al. (2018) suggested an increased risk of serious bradycardia among patients treated with sofosbuvir and amiodarone based on an observational study. Taken together, cardiovascular complications and risks of antiviral drugs need to be taken into account when used in COVID-19 patients.
Anti-Inflammatory and Immunotherapy Drugs
Anti-inflammatory and immunotherapy drugs can alter the workings of the immune system, so it can find, attack, and eliminate invasive pathogens and finally get rid of them. Thus, it is an efficient therapeutic option against viral infections, including patients with COVID-19 characterized by the cytokine storm (Aminjafari and Ghasemi, 2020; Blanco-Melo et al., 2020; Vabret et al., 2020).
Dexamethasone
Dexamethasone, as a representative anti-inflammatory drug, is a broad-spectrum immunosuppressor approved by the FDA with high activity and a long duration of action. It will inhibit the release and subsequent detrimental effect of cytokines to further combat symptoms of hyperinflammation or cytokine storm in COVID-19 (Lim and Pranata, 2020; Sharun et al., 2020). Recently, preliminary clinical trials of dexamethasone have been approved by the WHO based on the significant improvement in reducing mortality by 35% in ventilated patients and 20% in other patients receiving oxygen (Horby et al., 2020; Patel et al., 2020; WHO, 2020). However, there is a lack of clinical benefit of dexamethasone in non-critical patients without respiratory support such as ventilation or oxygen (Johnson and Vinetz, 2020; Lester et al., 2020). Dexamethasone can increase mortality in patients without critical illness who did not receive respiratory support (Matthay and Thompson, 2020). It is notable that a low dose of dexamethasone could only reduce the mortality of patients with severe COVID-19, but had no effect on the mortality of patients with mild and moderate COVID-19 patients; while high doses of dexamethasone contributed to more harm than good (Ahmed and Hassan, 2020; Prescott and Rice, 2020; Sterne et al., 2020). Additionally, the combination of dexamethasone and remdesivir may reduce mortality, which has been recommended to treat COVID-19 patients with mild-moderate conditions (Garibaldi et al., 2020; Vetter et al., 2020; Jo et al., 2021). It is worth noting that dexamethasone treatment can lead to several adverse effects such as arrhythmias, headache, agitation, dizziness, and increased appetite.
Tocilizumab
Tocilizumab, a humanized recombinant monoclonal antibody against interleukin-6 (IL-6), can inhibit the activity of the IL-6 receptor by binding to its membrane-bound and soluble forms, and thus block the “cytokine storm” caused by IL-6 (Xie et al., 2019). Recently, tocilizumab was used to treat COVID-19 patients at risk of cytokine storm (Brown et al., 2020). However, the adverse effects of tocilizumab should not be ignored, such as cardiomyopathy and liver injury (Muhovic et al., 2020). Gabay et al. (2016) found that tocilizumab induced cardiomyocyte apoptosis and mitochondrial oxidative stress resulting in cardiotoxicity, manifested as hypertension, hypercholesterolemia and myocardial infarction, which remind clinicians to pay attention to the above-mentioned adverse effects of tocilizumab when combating COVID-19. The most common adverse reactions and events were infections that were characterized by an increase in serum cholesterol, ALT, AST, and injection site reactions (Khiali et al., 2020). Luo et al. (2020) found that tocilizumab alleviated inflammatory activity in COVID-19 patients. Xu et al. (2020) demonstrated that abnormally elevated C-reactive protein and the number of lymphocytes decreased in 84 and 37% of patients, respectively. The average discharge time of patients treated with tocilizumab was 15.1 days, and this therapy effectively improved mortality in patients with severe and critically ill COVID-19 (Xu et al., 2020). It is worth of mentioning that an increasing trend of IL-6 occurs immediately when tocilizumab usage is reduced. Alattar et al. (2020) showed that tocilizumab caused adverse events such as anemia, QT interval prolongation, and ananine aminotransferase increase. Morena et al. (2020) demonstrated that COVID-19 patients treated with tocilizumab experienced adverse events included thrombocytopenia, increase of hepatic enzymes, and serious bacterial and fungal infections. Hermine et al. (2021) reported that tocilizumab induced cardiovascular adverse events manifested by hypertension, anemia, lymphopenia, and neutropenia, and bacterial sepsis. Fu et al. (2020) pointed out that tocilizumab treatment inhibited the inflammatory storm, resulting in an improved clinical outcome. Castagné et al. (2019) found that tocilizumab was associated with an elevated cholesterol level, which decreased inflammatory proteins and restored the antiatherogenic function of HDL cholesterol. It should be used with caution in patients with dyslipidemia and hypertension. The recommended dose of tocilizumab for COVID-19 patients is 400 mg dissolved in 100 ml of 0.9% sodium chloride; infused in >1 h 2 times at most; while looking for an allergic reaction.
Anakinra
Anakinra is one of the anti-interleukin 1 antagonist which can inhibit actions of IL-1 receptor to suppress the pathogeny of proinflammatory cytokine storm in COVID-19 (Aouba et al., 2020; Dos Santos, 2020; Jamilloux et al., 2020; Salvi and Patankar, 2020; Wu et al., 2020). Therefore, it has been used for the treatment of COVID-19 patients. Several studies indicated that anakinra is a safe and effective drug combating COVID-19 patients with cytokine storm signs (Bilia et al., 2020; Cauchois et al., 2020; Haigh et al., 2020; Huet et al., 2020; Navarro-Millán et al., 2020; Bozzi et al., 2021; Pasin et al., 2021). Cavalli et al. (2020) found that high-dose anakinra was associated with clinical improvement in 72% of patients with COVID-19 and acute respiratory distress syndrome in a retrospective cohort study. Langer-Gould et al. (2020) demonstrated that early identification and treatment of COVID-19 cytokine storm with anakinra significantly improved outcomes after mechanical ventilation. Kooistra et al. (2020) showed that anakinra can reduce clinical symptoms of hyperinflammation in critically ill COVID-19 patients. The main adverse effects of anakinra were hypersensitivities, hyperinfammation, breathing problem, nausea, vomiting diarrhea, headache, and joint pain (Hossen et al., 2020; Kooistra et al., 2020; Manjaly Thomas et al., 2020).
Convalescent Plasma for COVID-19 Treatment
Convalescent plasma refers to plasma collected from COVID-19 convalescent patients, which can contribute to a safe and effective therapy for COVID-19 patients. Previous studies in a variety of viral respiratory diseases, such as SARS and MERS, indicated that convalescent plasma can reduce mortality. Therefore, convalescent plasma may provide a potential therapy for COVID-19 patients (Bloch et al., 2020; Chen et al., 2020; Tiberghien et al., 2020). Notably, the efficacy of convalescent plasma against COVID-19 remains to be proved (Casadevall and Pirofski, 2020; Roback and Guarner, 2020).
Several observed studies found that plasma convalescent therapy is effective and specific for COVID-19 (Duan et al., 2020; Shen et al., 2020; Ye et al., 2020). However, there is one point of view that convalescent plasma is ineffective for COVID-19 (Pathak, 2020; Rogers et al., 2020). In a word, the efficacy of convalescent plasma therapy for COVID-19 is controversial. Adequately powered and randomized controlled trials are needed to confirm the efficacy of convalescent plasma therapy for COVID-19 (Bloch, 2020; Liu et al., 2020e). Recently, several randomized controlled trials demonstrated that the efficiency in different cases using plasma convalescent therapy is inconsistent (Agarwal et al., 2020; Li et al., 2020c; Klassen et al., 2020; Simonovich et al., 2021). However, convalescent plasma was found to be relatively safe, in more than 20,000 patients with a low incidence of severe adverse events (<1%) (Joyner et al., 2020). The general known cardiovascular risks of plasma transfusion generally include transfusion-associated circulatory overload, hypercoagulablility, and thrombosis (Sanfilippo et al., 2021).
Traditional Chinese Medicine for COVID-19 Treatment
Traditional Chinese Medicine (TCM) is usually defined by a mixture of herbal plants or their extracts which comprise hundreds of constituents with various differing physiochemical properties (Zhou, 2020). TCM is a unique health resource in China, which is also a vast and large untapped resource in the world. For example, artemisinin, a safe and effective antimalarial drug, was originally extracted from Artemisia annua by TCM scientific workers (Tu, 2016). In addition, in view of the remarkable therapeutic effects that TCM achieved during the SARS epidemic in 2003, TCM raises hopes for the prevention and control of COVID-19 (Luo et al., 2020). Several TCMs have been recommended by the China National Health Commission to treat COVID-19 patients because the advantages far outweigh the disadvantages, which are characterized mainly by promoting neutrophil-mediated inflammation and reducing macrophage-mediated anti-inflammatory activity (Wang et al., 2020f; Tong et al., 2020; Zhang, 2020b). Over 90% of COVID-19 patients in China have been treated with TCM, and some studies showed relief of symptom, reducing the time of onset of fever and reducing the severity of the disease (Du et al., 2020; Liu et al., 2020c; Ren et al., 2020). Common TCMs combating COVID-19 are HuoxiangZhengqi capsules, LianhuaQingwen capsules, Jinhuaqinggan granula, ShufengJiedu capsules, Fangfengtongsheng pill, Qingfeipaidu decoction, Suhexiang pill, Angongniuhuang pill, and XueBijing injection (Li et al., 2020d; Ren et al., 2020; Tong et al., 2020; Wang et al., 2020f). Different of the above-mentioned TCMs are used to treat different diseases and different courses of the same disease (Table 2). The key mechanism of TCM is inflammation regulation (Li et al., 2020). In addition, TCM controls cardiovascular risk factors such as hypertension and diabetes (Hao et al., 2017). Although attention should be paid to the possible adverse effects of TCM, the benefits of TCM in the treatment of COVID-19 are also obvious (Gray and Belessis, 2020; An et al., 2021; Ren et al., 2021). So far, the integration of TCM and Western medicine is effective for COVID based on previous pharmacological studies (Chen and Chen, 2020; Ni et al., 2020; Xu and Zhang, 2020).
TABLE 2 | Nine TCMs recommended by guidelines of treatment for COVID-19.
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A combination of drugs can on one hand be beneficial and on the other hand harmful because of side effects. Lopinavir and ritonavir are metabolized by CYP3A and interact with a variety of antiarrhythmic drugs, such as amiodarone and digoxin, which can increase the risk of adverse cardiovascular events. Antiviral drugs such as ritonavir can interact with nonvitamin K-dependent oral antiplatelet agents such as clopidogrel. The combination of ribavirin and IFN-α may aggravate the dysfunction of vascular endothelial cells caused by the virus (Schmidt et al., 2020). Therefore, the combination of ribavirin and IFN-α is not recommended for the treatment of COVID-19 infection. Chloroquine is primarily metabolized by the kidney and should not be combined with inhibitors of CYP1A1, CYP2D6, and CYP3A4 such as lopinavir/ritonavir. There are drug interactions between arbidol and CYP3A4 inhibitors or inducers, and long-term use of arbidol and CYP3A4 inhibitors or inducers can lead to cardiac toxicity (Liu et al., 2009). Tocilizumab can alter lipid metabolism and should not be combined with lopinavir/ritonavir (Gabay et al., 2016). Generally, it is not recommended to use three or more antiviral drugs at the same time. In case of intolerable adverse effects, the relevant drugs should be stopped (NHC, 2020a).
Other Treatments and Therapeutic Schedules
Inappropriate use of antibacterials, especially the combination of three or more broad-spectrum antibacterial drugs should be avoided in patients with COVID-19 infection because that there were many complications such as hypertension, hyperglycemia, fever, dry cough, and dyspnea (Yang et al., 2020). Although corticosteroids have the action to reduce the severity of myocarditis and cytokine storm in COVID-19 patients, they inhibit viral RNA clearance. Therefore, it recommends using COVID-19 patients with severe symptoms (Ling et al., 2020; Russell et al., 2020). In addition, the intravenous transplantation of mesenchymal stem cells (MSC) can improve the condition of patients with COVID-19, especially for critical cases (Leng et al., 2020). It specifically demonstrated that increased peripheral lymphocytes and IL-10, decreased C-reactive protein and TNF-α, and disappear of the overactivated cytokine-secreting immune cells, such as CXCR3+CD4+ T cells, CXCR3+CD8+ T cells, and CXCR3+ NK cells, after MSC treatment compared to those in the placebo control group. The principles of treatment in severe and critical cases include symptomatic treatment, prevention of complications and secondary infections, treatment of underlying diseases, and timely maintenance of organ function. The main measures of organ function support are respiratory support (oxygen therapy and mechanical ventilation), circulatory support (liquid balance strategy, improvement of blood circulation with hemodynamic monitoring), and renal replacement therapy in patients with renal dysfunction, plasma therapy from convalescent patients, and blood purification (plasma exchange, adsorption, perfusion, filtration) (NHC, 2020b).
PERSPECTIVE
Once COVID-19 patients are treated, medical personnel must pay attention to baseline cardiovascular health and adjust the treatment plan in time according to changes in heart rate, blood pressure, blood lipids, cardiac function, and electrocardiogram. Medical staff should also take note of drug-drug interactions to avoid drug-induced myocardial injury. In addition, indexes of myocardial injury and cardiac function should be monitored by combining laboratory and imaging results. Clinicians need to continue to assess the efficacy of combination drugs. Combining of three or more antiviral drugs is not recommended, especially in elderly patients. Although progress has been made in the search for drugs to treat infection, a reliable drug screening model in vitro and in vivo should be built with collaborative innovation.
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Regulatory T cells (Tregs) represent a distinct subpopulation of CD4+ T lymphocytes that promote immune tolerance and maintain immune system homeostasis. The dysfunction of Tregs is tightly associated with rheumatoid arthritis (RA). Although the complex pathogenic processes of RA remain unclear, studies on Tregs in RA have achieved substantial progress not only in fundamental research but also in clinical application. This review discusses the current knowledge of the characterizations, functions, and molecular mechanisms of Tregs in the pathogenesis of RA, and potential therapies for these disorders are also involved.
Keywords: rheumatoid arthritis, Tregs, molecular mechanisms, dysfunctions, therapeutic strategies
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic and inflammatory autoimmune disease characterized by persistent synovitis, systemic inflammation, and symmetrical joint involvement. With the development of the disease, osteoporosis also occurs as a complication, and in severe cases, it may develop into a functional disability (Deane and Holers, 2021). Globally, the incidence of RA in adults is 0.5–0.8% according to epidemiological surveys (Lo et al., 2021). Genetic and environmental factors are regarded as the main pathogenesis of RA. In recent years, commensal flora is also recognized as another important pathogenesis of RA (Chiang et al., 2019). Thus far, RA has been mainly treated with disease-modifying antirheumatic drugs (DMARDs), such as methotrexate and leflunomide, supplemented with nonsteroidal anti-inflammatory drugs (NSAIDs) and/or glucocorticoids to alleviate the condition, but it cannot be completely cured. New therapeutic methods, such as biological and cell therapies, are being explored and developed continuously. However, treatments have limited success with this disease.
The immune system maintains a delicate balance between immune activation and immunosuppression through cellular and molecular elements that recognize “cantankerous” antigens to guard the body against attack. Once this balance is disrupted, such as the loss of immunosuppression/self-tolerance, an attack is launched against the autologous tissue, resulting in RA. After regulatory T cells (Tregs) were identified as a specific subpopulation with suppressive capacity maintaining immune homeostasis, numerous studies have related Treg disorders to RA. This review focuses on the molecular mechanism of Tregs in immunosuppression and the roles of these cells in RA.
HISTORY AND BASIC UNDERSTANDING OF TREGS
Congenitally athymic nude mice have been used as a model of cell-mediated immunological deficiencies for four decades. Based on this model, Pelleitier M. et al. reinforced the hypothesis that spontaneous autoimmunity is partly associated with a T-cell deficiency (Pelleitier and Montplaisir, 1975). However, with continual in-depth research on the subtypes and functions of T cells, researchers have recognized that cellular immunological disorders are correlated with abnormalities in one subtype of T cells but not all kinds of T cells. In 1995, Sakaguchi S. et al. showed that subtype CD4+ T cells expressing CD25, which are defined as a functional subset of CD4+ non-helper T cells and now recognized as Tregs, maintain immunological self-tolerance, and are associated with various autoimmune diseases (ADs) (Sakaguchi et al., 1995). A work by Powrie F. et al. in 1998 and 2000 showed that interleukin (IL)-10 and cytotoxic T-lymphocyte antigen (CTLA)-4 are essential molecules in the function of Tregs (Asseman and Powrie, 1998; Read et al., 2000). During this time, Seddon B. et al. reported the significance of transforming growth factor (TGF)-β to Tregs (Seddon and Mason, 1999). Immediately after these contributions, Shevach E. M. et al. reported the critical roles of glucocorticoid-induced tumor necrosis factor receptor (GITR) and IL-2 in Tregs in 2002 and 2004 (Mchugh et al., 2002; Thornton et al., 2004). In 2003, forkhead box P3 (Foxp3) was confirmed to play a dominant role in Tregs by multiple researchers, including Sakaguchi S., at the same time (Fontenot et al., 2003; Khattri et al., 2003). Although the recognition of Tregs has been recent, the physiological significance and immunosuppressive function of this subpopulation of T cells have been highly controversial.
At present, the mainstream view is that Tregs are a subgroup of CD4+CD25+ T cells characterized by the expression of Foxp3. Due to its dominant role in the differentiation, maintenance, development, and functioning of Tregs, Foxp3 has been identified as the master transcription factor of Tregs at early time (Fontenot et al., 2003; Khattri et al., 2003). Tregs comprise approximately 1–3% and 5–10% of CD4+ T cell in humans and rodents, respectively. Based on their origin, Tregs can be classified into two subpopulations as follows: thymus-derived Tregs (tTregs), also called natural Tregs (nTregs); and induced Tregs (iTregs) or peripherally derived Tregs (pTregs). The tTregs are produced by the thymus and are functional immunosuppressive T cells due to their stable Foxp3 expression with demethylation of Treg-specific semi-methylated regions at an early stage of differentiation, while iTregs differentiate from naive conventional T cells (Tconvs) in the periphery under certain conditions. Once activated, iTregs show a labile expression of Foxp3. Besides, Tregs can be defined by their function and expression of cell surface markers, and subtypes classified in this manner include activated Tregs (aTregs, CD4+CD25+CD45RA−Foxp3+) and resting Tregs (rTregs, CD4+CD25+CD45RA+Foxp3+). In addition, a peripheral cell subset that neither expresses Foxp3 nor constitutively expresses CD25, but play the immunosuppressive role through IL-10, is considered to be another Treg cells, named T-regulatory Type-1 (Tr1) cells. Tr1 is not the dominant type in Tregs; thus, we mainly focus on Tregs expressing Foxp3 and CD25 in the review. Although the Foxp3 expression is considered the most common marker and given the non-exclusivity of Foxp3 for Tregs in humans, a negative CD127 expression and even positive GITR expression have been regarded as markers for human Tregs by some researchers in recent years (Ronchetti et al., 2015; Giganti et al., 2021).
MOLECULES RELATED TO THE GENERATION, PROLIFERATION, AND FUNCTIONAL MAINTENANCE OF TREGS
The level of Tregs in the periphery is guaranteed to effectively exert immune tolerance effects. Generation and proliferation of Tregs involve complicated factors, and the main factors are discussed below. The molecules and corresponding functions are represented in Table 1. In addition, there are more mechanisms that regulate the number and function of Tregs, which are described in detail in Qi Jiang et al.’s review (Jiang et al., 2021).
TABLE 1 | Molecules related to the generation, proliferation, and functional maintenance of Tregs.
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Foxp3 is a member of the fork-head/winged-helix transcription factor family, and it encodes a 48-kDa protein named scurfin and shows a selective expression in Tregs. As described above, Foxp3 has been identified as the most common marker and master transcription factor of Tregs, and it plays a vital role in the differentiation, phenotype, and functional maintenance of Tregs. A Scurfy gene deficiency leads to autoimmune lymphoproliferative syndrome in mice, while the adoptive transfer of Tregs into newborn mice with a Scurfy gene deficiency prevents the occurrence of autoimmune lymphoproliferative syndrome (Fontenot et al., 2003). In humans, both the deletion and mutation (I363V, R397W, and A384T) of the Foxp3 gene induce lymphoproliferative diseases, such as immunodysregulation, polyendocrinopathy, enteropathy, and X-linked syndrome (Gambineri et al., 2003). Moreover, Hayatsu N. et al. illustrated that the A384T mutation alters the interactions between Foxp3 and its specific target genes, including Batf, and that sequence-specific perturbations of Foxp3–DNA interactions influence Treg differentiation and accumulation (Hayatsu et al., 2017). In addition, Foxp3 is essential for the development of Tregs from naive CD4+CD25− T cells. Retroviral gene transfer of Foxp3 converts naive CD4+CD25− T cells into a Treg phenotype similar with that of naturally occurring CD4+ Tregs (Chai et al., 2005). Moreover, these cells produce cytokines, including IL-2 and IL-10, upon T-cell receptor (TCR) stimulation, and they express CD25 and CTLA-4, and inhibit the proliferation of effector T cells (Teffs) via cell–cell contact but not via a cytokine-independent mechanism (Yagi et al., 2004). Altogether, these findings lead to the conclusion that Foxp3 acts as a “master regulator” in Tregs.
IL-2
IL-2 is crucial for the maintenance and proliferation of Tregs both in vitro and in vivo. CD4+CD25+ Tregs constitutively express CD25 (also called IL-2Ra), while Tregs produce low levels of IL-2. Therefore, the development and proliferation of Tregs rely on Teffs. The lack of IL-2, IL-2 receptor-α (IL-2Rα), or IL-2 receptor-β (IL-2Rβ; also called CD122) in mice induces fatal lymphoproliferative diseases accompanied by ADs (Horak et al., 1995). And injecting splenocytes or lymphocytes with IL-2 can prevent these disorders (Malek et al., 2002). A previous study has reported that an anti–IL-2 monoclonal antibody decreases the number of Tregs and inhibits physiological proliferation of these cells (Setoguchi et al., 2005). Signal transducers and activators of transcription 5 (STAT5) is an important molecule in the IL-2 pathway, which activates IL2-signaling by STAT5 phosphorylation. Similar to mice with a defect in the IL-2Rβ expression, STAT5A/5B-deficient mice suffer from a serious multi-organ immune disorder, and the number of Tregs in these mice is significantly decreased (Surbek et al., 2021).
TGF-β
TGF-β, which binds to heterodimer receptors I and II, phosphorylates Drosophila mothers against decapentaplegic protein (Smad) family members, ultimately regulating the transcription of related genes. Upon adequate stimulation, tTregs secrete TGF-β and overexpress TGF-β on the cell surface. There are two types of TGF-β in Tregs, which are as follows: membrane-type TGF-β and secreted-type TGF-β. Secreted-type TGF-β mainly promotes the proliferation of Tregs (Ghiringhelli et al., 2005). TGF-β participates in Foxp3 induction and the proliferation of iTregs by synergizing with IL-2 in the periphery, but it may not be responsible for the Foxp3 expression in tTregs in the thymus. CD4+CD25+ Tregs from the thymus of dominant-negative TGF-β receptor type II mice retain the ability to inhibit colitis. In contrast, Treg activity in the periphery is suppressed in these mice (Fahlen et al., 2005). In addition, TGF-β mediates the Foxp3 expression by activating the TCR, thus promoting the transformation of Teffs into CD4+Foxp3+ Tregs (Oettel et al., 2016).
GITR
GITR (also called TNFSF18 or CD357), a 22-kDa protein belonging to the tumor necrosis factor receptor (TNFR) family, is constitutively expressed on Tregs, and is expressed at higher levels on Tregs (Shimizu et al., 2002). Decades of research have shown that GITR plays a crucial role in the differentiation of tTregs as well as the expansion and suppressive functions of both tTregs and pTregs (Carrier et al., 2012; Mahmud et al., 2014; Petrillo et al., 2015). After engrafting a bone marrow mixture from CD45.2+ GITR-deficient mice (Gitr−/−) and CD45.1+ SJL wild-type congenic mice into RAG2−/− irradiated recipient mice, the mature thymic CD25+Foxp3+ Tregs generated from the Gitr−/− cells are approximately 70% of those produced from the wild-type cells (Mahmud et al., 2014). In addition, after the administration of GITR ligand (GITRL) antibodies to thymic organ cultures, the development of Tregs and the expression of Treg markers are suppressed (Mahmud et al., 2014). Furthermore, the number of IL-10–producing Tregs is increased in the spleen of GITRL-transgenic mice, which suppresses naive T-cell proliferation in an IL-10–dependent manner (Carrier et al., 2012). More importantly, high expression of GITR on Tregs is beneficial to the outcomes of several ADs, and the correlation between GITR+ Tregs and disease severity is more favorable than that between the CD25 expression on Tregs and disease severity based on cumulative studies (Bianchini et al., 2011; Petrillo et al., 2015). In RA, GITR + Tregs expand with an effective treatment, while CD4+CD25+Foxp3+ Tregs cannot achieve a similar expansion (Alunno et al., 2010). Above all, it is not surprising that some researchers urge the scientific community to consider GITR to be a marker of human Tregs. However, it is worth noting that the effect of GITRL/GITR on T cells is context-dependent, specifically depending on the host environment and activation state of the Tregs and Teffs via the nuclear factor kappa-B (NF-κB) (Ji et al., 2004; Iwaszkiewicz-Grzes et al., 2021).
AhR
AhR, the full form for the aryl hydrocarbon receptor, is a cytoplasmic receptor acting in both ligand-dependent and -independent manners, and it can be activated by exogenous and endogenous ligands coming from air pollutants, diet, host metabolism, and the intestinal microbiome. Once activated, the AhR migrates to the cell nucleus and induces transcription of ligand-metabolizing enzymes (cytochrome P1 family) as well as immunoregulatory and growth factors (IL-10, Arginase-1, IL-6, IL-22, and vascular endothelial growth factor) and the negative regulator of the AhR repressor (AhRR) pathway (Denison and Nagy, 2003). In pTregs, AhR is expressed more abundantly, and AhR-expressing Tregs enhance suppressive activity compared with Tregs lacking AhR expression in vivo (Ye et al., 2017). Via targeting glycolysis and the subsequent nicotinamide adenine dinucleotide (NAD)+/Sirtuin (SIRT)1/histone methyltransferase (SUV39H1)/H3K9me3 signaling pathway, the activation of AhR promotes Treg differentiation (Lv et al., 2018). Furthermore, the activation of AhR supports the de novo generation of Tregs and promotes the suppressive function in humans (Zamali et al., 2019). While in tTregs, by activating AhR via indoleamine 2,3-dioxygenase (IDO) signal, the immunosuppressive function of tTregs is increased (Kumar et al., 2017). In Tr1 cells, the AhR increases the expression of IL-10, granzyme B, and CD33 (a surface molecule contributes to the suppressive function of Tr1 cells). In addition, AhR activation also upregulates the expression of Tr1 autocrine growth factor IL-21 (Apetoh et al., 2010). Interestingly, some research studies found that AhR activation by agonist such as 6-formylindolo [3,2-b] carbazole interfered with the Treg development and increased the severity of autoimmune disease (Quintana et al., 2008). And other research studies got the same result that AhR causes opposite outcomes when activated by 6-formylindolo [3,2-b] carbazole (FICZ) or tetrachlorodibenzo-p-dioxin (TCDD). Thus, AhR regulates Treg differentiation and function in a ligand-specific fashion (Gandhi et al., 2010) through different mechanisms, such as direct functional enhancements, induction of epigenetic modifications of Foxp3, and modulation of dendritic cells (DCs) (Quintana, 2013). Collectively, these findings suggest a role for the AhR in the control of functional Tregs, constituting a unique target for therapeutic immunomodulation.
Commensal Flora
With the increasing microbiota research studies, the relationship among saliva, respiratory, gut microbiota, their metabolites, and host immunity has been gradually revealed, and it has been found that the alternation of commensal flora is involved in the pathogenesis of RA, chronic colitis, cancer, and diabetes (Lynch and Pedersen, 2016). Among them, the relationship between intestinal flora and disease is the most concerning because intestinal flora not only causes diseases but also cures them. Bacteria and their metabolites enhance immune tolerance in the gut by affecting the differentiation and function of Tregs and partly by the AhR signal pathway.
Bacteroides fragilis can produce and export polysaccharide A (PSA), a capsular polysaccharide that is presented to naive CD4+ T cells by DCs in the lamina propria (Telesford et al., 2015), and at the same time, PSA through a toll-like receptor (TLR)2 directly helps in the activation of TGF-β–induced Foxp3+ Tregs to facilitate the secretion of IL-10 and promote immunologic tolerance (Round et al., 2011; Telesford et al., 2015). Other researchers have demonstrated that Clostridium Faecalibacterium prausnitzii, but not related to Clostridia, skew human DCs to prime Tr1-like Tregs by TLR2/6 triggering, c-Jun N-terminal kinase (JNK) signaling, and CD39 ectonucleotidase activity (Alameddine et al., 2019). Besides, Campylobacterales can interfere with host immune in different ways. Their flagellins C (FlaC) can activate p38 and decrease the responsiveness of human macrophage-like cells toward the bacterial TLR4 agonist (Faber et al., 2016).
Metabolite studies have found that short-chain fatty acids (SCFAs), including acetic acid, butyric acid, and propionic acid, are the end metabolites of carbohydrates in intestinal flora (such as Clostridia) (Furusawa et al., 2013), which can interact with intestinal immune cells and play the role in maintaining immune tolerance to the intestinal flora. As the inhibitors of histone deacetylases (HDACs) and enhancers of histone H3 acetylation (AcH3), SCFAs increase Treg numbers, Foxp3 expression, and the suppressive function of Foxp3+Tregs in an HDAC-dependent manner (Arpaia et al., 2013). In addition, as ligands for G protein–coupled receptors (GPCRs), SCFAs induce the differentiation of Tregs and Tr1 cells by increasing the expression of Foxp3 and upregulating the secretion of IL-10 and TGF-β via GPCR41, GPCR43, and GPCR109 (Smith et al., 2013; Singh et al., 2014). Intestinal flora can also regulate the function of immune cells through other metabolites such as tryptophan derivatives. Tryptophan, an essential amino acid provided by dietary protein, is metabolized by several bacteria such as Bacteroides, Bifidobacterium, Clostridium, Peptostreptococcus, and Lactobacillus. Among metabolites from tryptophan, indole, and its derivatives, tryptamine, indole-3-acetic acid (IAA), indole-3-aldehyde (IAld), 3-methyl-indole (skatole), indole-acrylic acid (IA), and indole lactic acid (ILA) are AhR ligands (Roager and Licht, 2018). Once activated, the AhR translocates to the nucleus and initiates gene transcription (cytochrome P450 (CYP) family, IL-10, and AhRR) to enhance the immunosuppressive function of Tregs (Denison and Nagy, 2003). Furthermore, the AhR also promotes CD4+ cells to differentiate into Tregs by interacting with DCs (Quintana, 2013) (Figure 1).
[image: Figure 1]FIGURE 1 | Gut microbiota contributes to the differentiation and function of Tregs. Clostridia metabolize carbohydrates into short-chain fatty acids (SCFAs), which increase Treg numbers, Foxp3 expression, and the suppressive function of Foxp3+Tregs in a histone deacetylases (HDACs)/histone H3 acetylation (AcH3)-dependent manner. SCFAs also induce the differentiation of Tregs and Tr1 cells by increasing the expression of Foxp3 and upregulating the secretion of IL-10 and TGF-β via G protein–coupled receptor (GPR) 41, GPCR43 and GPCR109A. Bacteroides fragilis exports polysaccharide A (PSA), through a toll-like receptor (TLR) 2; PSA is presented to naive CD4+T cells by dendritic cells (DCs) in lamina propria followed by the activation of TGF-β–induced Foxp3+Tregs to facilitate the secretion of IL-10 and promote immunologic tolerance. Bacteroides, Bifidobacterium, Clostridium, Peptostreptococcus, and Lactobacillus. metabolize tryptophan into indole and indole derivatives including tryptamine, indole-3-acetic acid (IAA), indole-3-aldehyde (IAld), and indole lactic acid (ILA), which can activate the aryl hydrocarbon receptor (AHR) translocating to the nucleus and initiating gene transcription (CYP family, IL-10, and AhRR) to enhance the immunosuppressive function of Tregs. Furthermore, the AhR also promotes CD4+ cells to differentiate into Tregs by interacting with DCs. Clostridium Faecalibacterium prausnitzii skews human DCs to prime Tr1-like Tregs by TLR2/6 triggering, c-Jun N-terminal kinase (JNK) signaling, and CD39 ectonucleotidase activity. SCFAs, short-chain fatty acids; GPR, G protein-coupled receptor; HDACs, histone deacetylases; AcH3, histone H3 acetylation; TLR, toll-like receptor; DCs, dendritic cells; IAA, indole-3-acetic acid; ILA, indole lactic acid; IAld, indole-3-aldehyde; AHR, aryl hydrocarbon receptor; CYP, cytochrome P450; AHRR, AHR repressor; JNK, c-Jun N-terminal kinase; Tr1, T regulatory type-1 cells.
The immune regulation of bacteria in hosts is currently a hot research topic. More studies on the immune regulatory mechanism of pathogenic bacteria and probiotics are still needed. More importantly, whether basic research can be turned into clinical practice to benefit patients will be the focus in the early future.
MOLECULAR MECHANISM OF THE IMMUNOSUPPRESSIVE FUNCTION OF TREGS
The dominant function of Tregs is the control of all aspects of the immune response. Antigen presenting cells (APCs), such as DCs, macrophages, and B lymphocytes, are the primary targets of Tregs, and responder T cells, such as CD4+T cells Th cells, CD8+ T cells, and natural killer (NK) T cells, are efficient targets of Tregs. In addition, mastocytes, osteoblasts, and osteoclasts (OCs) are targets of Tregs. The mechanisms regulating these cell types are broadly classified as targeting T cells (the secretion of suppressive cytokines, disruption of metabolic processes, and induction of apoptosis) and targeting APCs (decreased co-stimulation or decreased antigen presentation).
Expression of Suppressive Cytokines
Tregs secrete suppressive cytokines, including IL-10, TGF-β, and IL-35. As previously described, TGF-β plays a critical role in the induction of Tregs both in vivo and in vitro, while the contribution of TGF-β to the suppressive capacity of Tregs remains controversial. A mount of studies using humans, mice, or cultured cells have failed to illustrate that TGF-β, either in the membrane-bound or soluble form, is essential for Treg-mediated suppression (Piccirillo et al., 2002; Kullberg et al., 2005; Oberle et al., 2007). In contrast, mice without T-cell–specific TGF-β production or processing develop an autoimmune syndrome (Li et al., 2007). In addition, Nakamura K. et al. suggested that membrane-type TGF-β–mediated suppression may inhibit Teffs by binding to the TGF-β receptor on the Teff surface, and Hui X. et al. observed that triptolide restrains OCs differentiation and bone resorption in vitro through IL-10 and TGF-β1 production by Tregs (Xu et al., 2016). Thus, we proposed that the role of TGF-β in Treg-mediated suppression may depend on the type of Teffs and the site of the immune response in a cell contact–dependent manner (Andersson et al., 2008). IL-10 production by Tregs is essential for restraining immune responses, such as those in the bone and those involved in mucosal homeostasis (Li et al., 2016a). For instance, Asseman C. et al. illustrated that colitogenic Th1 cells are suppressed by CD4+CD25+ Tregs in an IL-10–dependent manner in mice (Asseman and Powire, 1998). Furthermore, an anti–CTLA-4 mAb induces high levels of IL-10 secretion by Tregs and high expression of inducible co-stimulator (ICOS) on Tregs, and this treatment inhibits Th1 memory responses and represses experimental intestinal inflammation in a mouse model of colitis (Coquerelle et al., 2009). In APCs, IL-10 suppresses the production of pro-inflammatory cytokines, chemokines, and chemokine receptors, as well as the expression of major histocompatibility complex (MHC) class II and CD80/CD86 co-stimulatory molecules (Akdis and Akdis, 2014). Another cytokine, IL-35, contributes to the function of Tregs by directly affecting responder T cells such as T helper cells 1 (Th1) and 17(Th17), which likely affects DCs (Song and Ma, 2016).
Induction of Apoptosis
Granzyme A, granzyme B, and perforin are three of the key components of Treg-induced suppression mediated through the induction of apoptosis in a cell–cell contact manner (Gondek et al., 2005). Tregs mediate cytotoxicity-induced cell death through the CD95 death receptor and caspase 3 in multiple cell types, including CD4+ T cells, CD8+ T cells, CD14+ monocytes, NK cells, and DCs, in humans (Grossman et al., 2004; Ataera et al., 2013). In addition, galectin-1, which is secreted by Tregs, binds to glycoproteins (CD45, CD43, and CD7), resulting in cell cycle arrest and apoptosis in responder cells (Garin et al., 2007). The other mechanism is related to IL-2, and this mechanism is controversial. Some groups have demonstrated that the consumption of IL-2 by Tregs induces apoptosis in effector cells in mice (Pandiyan et al., 2007). However, Oberle did not observe the induction of apoptosis in Tconvs by Tregs in humans (Oberle et al., 2007). More recent studies have shown that Tregs suppress CD8+ T-cell responses via IL-2 depletion and that IL-2 plays an indispensable role in mice (Vercoulen et al., 2009). Based on the findings above, it is thought that the consumption of IL-2 by Tregs diminishes the IL-2 pool that is indispensable for Teffs, resulting in restricted expansion and even leading to apoptosis. Additionally, other studies have reported that IL-2 contributes to the development of the suppressive function of Tregs through calcium signaling to T and NK cells in patients (Whitehouse et al., 2017). Thus, we speculate that IL-2 activates multiple signaling pathways to suppress functions and/or induce apoptosis in target cells and that differences are likely due to cell types.
Disruption of Metabolic Processes
Tregs disrupt metabolic processes in target cells. One mechanism is mediated through the CD39/CD73 expression, and it results in the metabolism of adenosine triphosphate (ATP) to adenosine 5′-monophosphate (AMP) and the production of adenosine, which binds to the adenosine A2A receptor, followed by an increase in the intracellular cyclic adenosine 3, 5′-monophosphate (cAMP) level in target cells (Tconvs and DCs) (Borsellino et al., 2007; Ohta and Sitkovsky, 2014). Subsequently, the protein kinase A (PKA) pathway and the noncanonical cAMP pathway are activated, resulting in immunosuppression.
Decreased Costimulation and Antigen Presentation by APCs
Tregs decrease costimulation and antigen presentation by regulating the cell contact–dependent modulation of APCs. CTLA-4, which is located on the surface and in the submembrane vesicles of Tregs, is also detected in Golgi vesicles of Tconvs at rest and released after the stimulation of the TCR (Tai et al., 2012). The molecular mechanism of Treg-mediated suppression via CTLA-4 is clear in relative terms. For APCs, particularly DCs, CTLA-4 competes with the CD28 co-stimulatory molecule for binding to the CD80/CD86 molecules to induce cell cycle arrest (Chikuma, 2017). Furthermore, CTLA-4 downregulates the CD80/CD86 expression on APCs through trans-endocytosis to directly suppress Tconvs in vitro and in vivo (Qureshi et al., 2011). In addition, Tregs facilitate the DC expression of IDO via CTLA-4, which converts tryptophan to kynurenine in Teffs, and this change also leads directly to cell cycle arrest and reduced glutathione synthesis, resulting in a redox environment detrimental to Tconv proliferation (Yan et al., 2010). Furthermore, an increased IDO expression promotes iTreg generation (Curran et al., 2014). A recent report has illustrated that Tregs suppress autophagy in DCs via CTLA-4–mediated activation of the PI3K/Akt/mTOR axis and FoxO1 nuclear exclusion, subsequently leading to decreased transcription of the autophagy component, microtubule-associated protein 1 light chain 3β (Alissafi et al., 2017). Lymphocyte activation gene (LAG)-3 (CD223), a CD4 homolog that binds to MHC class II on immature DCs, induces immunoreceptor tyrosine-based activation motifs (ITAM)-mediated inhibition to suppress the development and antigen presentation capacity of DCs (Liang et al., 2008).
TREGS IN RA
Mechanisms of Abnormal Treg Level
Level of Tregs in RA
The proportion of Tregs in the peripheral blood of patients with RA is controversial. Some studies have shown that RA patients have lower or higher frequencies of CD4+CD25+Foxp3+Tregs or CD4+CD25+CD127−Tregs in the peripheral blood than healthy subjects (van Roon et al., 2010; Vitales-Noyola et al., 2018). Other researchers have found that the level of peripheral CD4+CD25+Foxp3+Tregs in RA patients is almost the same as that of healthy people (Tang et al., 2011). Based on the existing cognitive status of RA immunity, the number of Tregs should be decreased in RA. As shown in Supplementary Table 1, a review of the literature from the past 10 years indicates that most studies do report that the level of peripheral Tregs is decreased in RA patients.
Based on our review, there are several reasons leading to the different Treg results. 1) Different markers lead to different ratios. Although CD4+CD25+Foxp3+ cells are thought to be the underlying Tregs, markers of Tregs remain controversial, and researchers may use different markers for different purposes. For example, Yang M et al. not only studied the proportion of CD4+CD25+CD127low/−foxp3+Tregs but also observed CD4+CD25+CD127low/−Foxp3+Helios+Tregs, CD4+CD25+CD127low/−Foxp3+CD226+ Tregs, and CD4+CD25+CD127low/−Foxp3+ TIGIT+ Tregs in the same study and obtained different results (Yang et al., 2019). 2) Similarly, different Treg phenotypes have different proportions in RA. Altered Tregs may be just one of the phenotypes of Tregs, while the other phenotypes remain unchanged. For example, a previous study has shown that the aTregs (CD4+CD25+++CD45RA−) and not the rTregs (CD4+CD25++CD45RA+) contribute to the decrement of total Tregs in the peripheral blood of RA (Kim et al., 2012). 3) The percentage of Tregs may be related to the disease state. Compared to the remission stage, the active stage of the disease is mainly characterized by intense inflammatory activity and causes more abnormal immune status. Wu et al. studied this point and found that the proportion and function of peripheral blood Tregs in remission RA are almost the same as in the normal control, but that the proportion and function represented by IL-10 Tregs are decreased in active RA (Wu et al., 2016). 4) Furthermore, the different results may be related to the duration. Barbera et al. reported that unchanged Tregs are present in early RA (Barbera et al., 2016). Another study has found that patients with a mean (range) RA duration of 15.2 (2–79) months now show a difference in peripheral blood Tregs compared to the control but that patients with a mean (range) disease duration of 123.7 (13–300) months have significantly lower peripheral blood Tregs than the control group. 5) In addition, the age of RA patients included in the study may contribute to the difference in the Treg status. Pawłowska J. et al. researched the relationship of age of RA onset with status of T cells and found that older age of RA onset is associated with a higher level and the activation status of peripheral blood CD4+ T cells, including Tregs and disease activity (Pawlowska et al., 2011).
In the study of Tregs, surface molecular markers are a common method for the classification of Tregs, but they may be deviant due to the influence of reagents and operating procedures. The search for new markers, such as specific miRNA expression, may resolve the confusion of markers to a certain extent. Furthermore, the age, disease course, and disease status of patients should be fully evaluated when RA patients are included.
Molecular Mechanisms of Abnormal Treg Level
RA patients maintain a continuous inflammatory state, and inflammatory factors such as IL-6, TNF-α, and IL-1β are significantly increased. The persistent inflammatory state inhibits Treg formation and Foxp3 expression. Studies have shown that the levels of Tregs and IL-6 in peripheral blood mononuclear cell (PMBC) are negatively correlated (Khoshmirsafa et al., 2018). In addition, the activated NF-κB pathway by inflammatory environment can drive miR-34a–impairing Treg/Th17 balance via targeting Foxp3 (Xie et al., 2019).
The level of exosomes in peripheral blood is changed in RA patients, and altered exosomes selectively affect Tregs. Wang et al. found that several miRNAs in the exosomes from RA peripheral blood were more abundant than those from healthy control donors. In upregulated miRNAs in RA patients, miR-17 inhibits induction of Tregs and reduces the number of Tregs by inhibiting the expression of TGF receptor II (TGFBR II) (Wang et al., 2018).
In addition, the abnormal number of Tregs is also caused by abnormal intestinal flora. As previously described, much bacteria produce metabolites that activate AhR, which plays an important role in the de novo production of Tregs. AhR expression is low on Tregs in RA, and Treg level can be significantly increased by activating the AhR pathway. A number of studies have shown that the abundance of bacteria that produce AhR ligands decreases in RA, and the activity of the AhR pathway in Tregs also decreases. By improving the colony structure of intestinal flora, the abundance of bacteria that metabolizes AhR ligands can be called back, followed by the increasing activity of the AhR signaling pathway, and upregulating the number of Tregs (Li X. et al., 2020). Besides, other cells involved in Treg generation, such as DCs and B cells, are abnormal in RA, which results in impaired Treg formation justifiably (Moore et al., 2010).
Mechanisms of Impaired Function of Tregs
Unique Function of Tregs in RA
Interaction with Th17. The balance between Tregs and Th17 is the key point in the maintenance of immune homeostasis. Similarities to that of other ADs, such as systemic lupus erythematosus and autoimmune hepatitis, the pathogenesis of RA has been observed to involve an imbalance between Tregs and Th17 (Jin et al., 2021). The inflammatory cytokine environment is a key driver that could globally push Tregs/Th17 toward imbalance because the combination of TGF-β and IL-6 allows T-cell differentiation toward the Th17 phenotype, whereas if TGF-β is present alone, T cells will differentiate or revert into iTregs in vitro (Bettelli et al., 2006). Further research has shown that bacterial metabolites, dietary ligands of AhR, have immunomodulatory effects of differentiation of Tregs and Th17 in multiple ADs including RA (Yuan et al., 2016). In addition, our group also found that by activating the AhR signal, the human umbilical mesenchymal stem cells (HUMSCs) display therapeutic potential in RA by regulating immune imbalance dominated by Tregs and Th17 (Li M. et al., 2020). Further study found that AhR activation also decreases Th17 cytokines and increases IL-10 expression (Kim et al., 2019).
Involved in bone immunity. In addition to the function of immunosuppression, Tregs also show other functions specific to the disease characteristics of RA. Tregs play an important role in alleviating cartilage damage and bone destruction in RA. As a characteristic secondary disease, osteoporosis is common in RA patients. Cartilage damage and bone destruction in RA are partly caused by the activation of OCs. Previous studies have implied that Tregs suppress OC differentiation and bone resorption by regulating IL-10, TGF-β1, and IL-4 (Xu et al., 2016). Furthermore, a previous report had shown that in addition to IL-10, TGF-β1, and IL-4, CD80/86-deficient OCs cannot be inhibited by CTLA-4 or Tregs, suggesting that CTLA-4 and CD80/86 effectively inhibit OCs by inducing IDO/tryptophan (Bozec et al., 2014). Among them, the metabolites from the IDO/tryptophan pathway are the main endogenous ligands in regulating AhR (Kumar et al., 2017). Based on this, it is speculated that AhR is the signaling pathway in Treg-regulated bone immunity. Based on the OC-Treg co-culture system in vitro, our previous research found that Tregs inhibit OC differentiation and bone resorption in a quantity-dependent manner, and triptolide enhanced the bone immunity function of Tregs via producing the IL-10 and TGF-β1 (Xu et al., 2016). HUMSCs alleviate the destruction of bones in vivo by shifting Th1 cells toward the Th2 phenotype, inducing Tregs and increasing the expression of IL-10 and TGF-β1 in a collagen-induced arthritis (CIA) model (Li X. et al., 2020).
Symptoms of Functional Impairment of Tregs
Obviously, the function of Tregs plays an important role in the prognosis and deterioration of RA. Among the studies that have researched the immunosuppressive function of Tregs, however, most studies found that the function of Tregs is reduced as indicated in Supplementary Table 1.
The function of Tregs is impaired in many ways. Numerous studies have shown that Tregs derived from RA patients have a decreased ability to inhibit the proliferation and inflammatory factor secretion from Teffs (van Roon et al., 2010; Cribbs et al., 2015). Another study has found significant reductions in Treg secretion of IL-10 and TGF-β1 in RA patients (Hashemi et al., 2018). Furthermore, studies have shown that Treg apoptosis in RA patients is increased and that Tregs are uncontrolled due to B-cell apoptosis mediated by Fas in RA (Li et al., 2014; Rapetti et al., 2015). In addition, the reduced function of Tregs may also be reflected in the reduced ability to interfere with the metabolic processes of target cells. As previously explained, one way in which Tregs play an inhibitory role is through the disruption of metabolic pathways, and CD35/CD27 is an important molecule on the surface of Tregs. One study has found that the expression of CD39 and CD73 is decreased in Tregs from RA patients (Zhang et al., 2019). CTLA-4 expression is also downregulated in Tregs from RA patients (Aldridge et al., 2021), which results in decreased co-stimulation and antigen presentation, indicating that the CTLA‐4–mediated cell cycle arrest of APCs by Tregs is also weakened.
Molecular Mechanisms of Tregs Impaired in RA
Further studies have revealed the mechanisms that how Tregs are impaired. Similar with the abnormal levels of Tregs in RA, long‐term inflammatory environment interferes with the immunosuppressive function of Tregs. Especially, high concentrations of TNF‐α in RA patients appear to interfere with the suppressive function of Tregs (Farrugia and Baron, 2016). This evidence supports the excellent efficacy of TNF‐α inhibitors for RA. Besides, in an inflammatory environment, Teffs are resistant to Tregs (Walter et al., 2016), which also exacerbates the immune imbalance.
An abnormal Foxp3 gene expression is also an important factor for abnormal Treg function. Hashemi et al. found that polymorphism of the Foxp3 gene affects the frequency and function of Tregs in RA patients, and RA patients with the AA genotype have lower frequencies of Tregs, and levels of TGF-β and IL-10 than patients with CC and CA genotypes (Hashemi et al., 2018). Kennedy A. et al. identified a novel differentially methylated region (DMR) in upstream of the Foxp3 promoter, which exhibits dysregulated methylation in RA Tregs. Cribbs AP. et al. further proved that demethylation of the Foxp3 upstream enhancer restores Treg function in RA patients (Cribbs et al., 2015). In addition, phosphorylation of Foxp3 controls the function of Tregs, which can be inhibited by TNF-α in RA (Salomon, 2021). Besides, Su Q. et al. found the development of Tregs in RA was related to impaired Tip60-mediated Foxp3 acetylation (Su et al., 2019).
Besides, an inadequate expression of cell surface molecules and failure to produce the soluble factors induce dysfunction of Tregs. The decreased expression of CTLA-4 in Tregs of RA is compromised by CTLA-4 promoter methylation, resulting in a failure to activate the indoleamine 2,3-dioxygenase pathway (Cribbs et al., 2014). Therefore, CTLA-4-Ig therapy enhances the function of Tregs in patients with RA.
Moreover, phenotypic change in Tregs is common in RA patients. A previous study has reported that a higher frequency of IL-17–producing Tregs is present in the peripheral blood of RA patients than in healthy subjects (Wang et al., 2015). In addition, an increased number of senescent Tregs in RA patients also contributes to the decreased function of Tregs (Fessler et al., 2017).
In the mechanism study of Tregs in RA, most researchers focus on how Tregs work, while few scholars focus on what influences Tregs’ work. We think understanding why impaired function of Tregs in RA is better for restoring RA’s immune homeostasis.
Treg-Based Strategies for RA
In consideration of the powerful immunosuppressive function of Tregs, Treg-based therapies become one of the major directions in RA treatment, and several therapeutic strategies have been explored. Although population heterogeneity and instability impact the curative effects of Treg-based strategies, these approaches have had a significant positive impact on the recovery of RA patients in recent years.
Conventional Drug Therapy
DMARD. To the best of our knowledge, there are no specific Treg-targeted chemical drugs or herbal medicines being used in the clinic or basic research, but many drugs show a beneficial effect on Treg levels and function. Methotrexate, a traditional DMARD, is one of the gold standards of therapy for RA that restores defective Treg function through demethylation of the Foxp3 locus, leading to subsequent facilitates in Foxp3 and CTLA-4 expression (Cribbs et al., 2015). Other widely used DMARDs, both leflunomide and sulfasalazine, inhibit the antiproliferative function of Tregs on co-cultured Teffs, and they reduce the Treg expression of Foxp3 mRNA in PBMCs from healthy adults (Oh et al., 2013), and leflunomide can increase Treg cells but reduce Th17 in PBMC via activating AhR (Baban et al., 2012). In addition, iguratimod, an approved drug in the treatment of RA, downregulates the Th1/Th17-type response and upregulates Tregs. At the same time, associated cytokines and transcription factors are also changed in a similar trend (Xu et al., 2015).
Biologicals. As more and more mechanisms are studied, biological therapies targeting to Treg number, function, and differentiation are being utilized to treat RA. TNF-α impairs the differentiation and function of TGF-β–induced Tregs in RA through the Akt and Smad3 signaling pathways, and the specific TNF-α inhibitor, infliximab, has been reported to increase the number of peripheral Tregs, especially through the generation of TGF-β–induced Tregs in RA patients (Salomon, 2021). Furthermore, TGF-β–induced Tregs are completely resistant to Th17 by IL-6 conversion and maintained the immunosuppressive effect, while tTregs lost most of their cellular function, indicating that the dysregulation of IL-6 plays an important role in Treg function (Niu et al., 2018). Tocilizumab, an anti–IL-6R antibody, has become a strong and effective therapy for RA by regulating the proportion of Tregs in the PBMC population (Li et al., 2016b). Moreover, numerous studies have shown that a low dose IL-2 promotes balance among the Th1, Th17, and Treg distributions in patients with progressive RA (Kosmaczewska et al., 2015). Interestingly, IL-2 not only promotes naive CD4+ T-cell conversion into Tregs but also drives the differentiation to Teffs. The dominant cell type impacted depends on the dose of IL-2 because Tregs require 10–20 times less IL-2 than Teffs at the p-STAT level and 100-fold less at genetic transcription levels. Therefore, whether IL-2 has a positive or negative impact on RA depends on the IL-2 concentration (Klatzmann and Abbas, 2015). Additionally, CTLA-4-Ig therapy enhances the function of Tregs in patients with RA (Alvarez-Quiroga et al., 2011).
Although biologics have pitfalls, they are promising. The development of biological agents with multiple targets, low side effects, and high reactivity is imminent.
Traditional Chinese Medicines
Although conventional drugs have been relatively systematic and effective, these drugs are reported to have varying degrees of side effects, such as gastrointestinal disorders, immunodeficiency, infection, and humoral disturbances. Exploring new therapeutic agents with low toxicity and high efficacy is strongly needed in the treatment of RA. Complementary therapies based on TCM can be recommended as complementary and alternative.
Formula. The traditional Chinese medicine formula focuses on individual treatment, which is based on the guidance of traditional Chinese medicine theory and compatible with different Chinese herbs. The traditional Chinese medicine formula plays a multi-target therapeutic role by regulating the system state of the human body, with definite curative effect and low side effect. Traditional Chinese medicine formula plays an indispensable role in the treatment of RA in China. Yi Shen Juan Bi Pill, a traditional Chinese medicine formula widely used in clinics, has powerful regulatory effects in CIA rats via regulating Tregs (Zhao et al., 2018; Peng et al., 2019). Another decoction named Qianghuo Erhuang can significantly decrease the disease activity score in 28 joints (DAS28), erythrocyte sedimentation rate (ESR), and C-reactive protein (CRP) in RA and upregulate the percentage of Tregs in adjuvant-induced arthritis in rats (Qian et al., 2017). Besides, Er Miao San attenuates rat’s arthritis by regulating Th17/Tregs (Dai et al., 2020).
Extract. Other drugs, especially Chinese herbal extracts, also have the potential to regulate Tregs in experimental studies. Among these, total glucosides of paeony, from Radix Paeoniae Alba, dynamically regulate gut microbiota, suggesting that the regulatory role of Tregs is related to the change of intestinal flora. Tripterygium wilfordii glycosides, extracted from Tripterygium wilfordii Hook.f., demonstrate great improvement in RA disease activity and immunosuppressive via Tregs (Luo et al., 2019). In addition, ethanolic extract of the Saussurea lappa (costus) root and water extract of the Saussurea involucrata (Kar. et Kir.) Sch.-Bip. have potential anti-arthritic activity and improves the immune responses of adjuvant-induced monoarthritis in rats (Han et al., 2016; Tag et al., 2016).
Natural compound from TCM. One study has reported that oxymatrine significantly reduces the production of TNF-α and IL-17A but upregulates Foxp3 expression in CIA rats (Ma et al., 2017). In addition, periplocoside A increases the proportion of Tregs among helper T cells and inhibits the differentiation and reactivity of h in CIA mice (Yang et al., 2017). Grape seed pro-anthocyanidin has proven potent anti-arthritic effects on CIA by inducing Th17/Treg rebalance (Ahmad et al., 2013). Dioscin, extracted from Dioscorea nipponica Makino, affects the differentiation of Tregs, secretion of related factors, and the expression of STAT3 and STAT5 in CIA mice (Xing et al., 2019). In the gut lymphoid tissues of sinomenine-treated rats, the frequency of Tregs is facilitated, and the frequency of Th17 is decreased (Wang et al., 2013). Based on this study, it is speculated that the regulatory effect of sinomenine on Tregs may be related to intestinal flora. The percentage of AhR+ cells in CD4+CD25+T cells has been proven to be significantly lower in RA patients than in controls (Cheng et al., 2017). As a ligand of the AhR, tetrandrine and flavonoid naringenin mediate Tregs through the AhR pathway (Wang W. et al., 2012; Yuan et al., 2016).
The curative effect of TCM is great, but due to the complex composition, unclear mechanism, a small part of traditional Chinese medicine with side effects, and other reasons, TCM’s recognition is limited. In addition, the use of traditional Chinese medicine needs the guidance of the basic theory of traditional Chinese medicine, which also limits the wide application of them.
Bacteria-Based Therapy
Specific alterations are observed in the gut and oral microbiomes in RA individuals and CIA models. Furthermore, studies have been done to demonstrate the influence of flora on RA by administering pathogenic bacteria Porhyromonas gingivalis that can aggravate rheumatoid arthritis (Sato et al., 2017). Consequently, it is hoped that changes in intestinal flora in a certain direction might be effective in RA treatment. Currently, there are roughly two therapeutic methods for affecting gut microbiomes.
One is to observe the changes of gut microbiomes in RA or animal models through agent intervention, such as total glucosides of paeony and HUMSCs. This method cannot completely prove that the efficacy is caused by the change of flora because it is possible that the host immune state is change first, followed by the change of gut microbiomes affected under the host intestinal mucosal immunity.
Another is microbiota transplantation. There are also two types of microflora transplantation, which are as follows: one is oral prebiotics and probiotics or a combination of the two synbiotics, and the other one is fecal microbiota transplantation (FMT). Supplementation of synbiotics had beneficial effects among patients with RA. And supplementation of probiotics, such as Lactobacillus casei, decreases disease activity and increases the release of IL-10 of RA as reported in a randomized double-blind clinical trial (Alipour et al., 2014). In addition, Lactobacillus salivarius and Lactobacillus plantarum isolated from RA patients increase Treg frequency, and decrease arthritis scores, synovial infiltration, and bone erosion in CIA mice (Liu et al., 2016). In addition, synbiotics, PSA, derived from the human commensal Bacteroides fragilis can stimulate immunologic development, which can increase suppressive function and promote differentiation of Tregs (Telesford et al., 2015). Furthermore, heat-killed Lactobacillus reuteri alleviate the severity and the prevalence of CIA by increasing the frequency of Tregs and CD4+IL-10+ cells, which means the probiotic supplementation can not only treat the RA but also prevent the RA (Yokota et al., 2018). As for FMT, the rise of FMT is due to its excellent efficacy in the treatment of Clostridium difficile infection, and its subsequent efficacy is shown in other inflammatory diseases such as inflammatory bowel disease and pseudomembranous enteritis with unknown pathogen infection. Up to now, there is no report on the efficacy of FMT in RA. The closest study is a 6-month, double-blind, randomized, placebo-controlled trial in patients with psoriatic arthritis (Kragsnaes et al., 2018). Despite the risks of FMT, its immunomodulatory effects in RA should be fully exploited.
Studies on microflora focus on intestinal microflora, but oral microflora and ectopic microflora should also be investigated. In addition, there is no research on RA treatment by FMT, which may be a new direction for the development of RA therapy.
Cell Transfer Therapy
Given its fewer side effects and potential efficacy, cell transfer therapy is being considered the epoch of a new generation of therapy for treating a multitude of diseases, including RA, distinct from the era of treatment with pharmacological agents. Although the curative effect of Treg transfer is limited under some conditions, several studies have revealed that Treg transfer prevents the progression of RA (Niu et al., 2018). After supplementation with chemical reagents to modify Treg signaling pathways or biological agents for genetic modification, the purity, yield, specificity, and safety of Treg treatments are enhanced (Milward et al., 2017). Except for a few clinical studies, the Treg transfer therapy is mostly in the stage of animal studies. It is worth mentioning that this therapy has been successful in CIA. After transferring Tregs into immunocompetent CIA mice, disease progression is slowed, and Tregs are found in the inflamed synovium soon after transfer (Morgan et al., 2005). Beyond transferred Tregs, stem cell transplantation shows an immunoregulatory capability during the progression of RAs based on the Treg function. Specifically, the use of HUMSCs has shown promising results relating to a significant increase in Treg percentage in clinical trials even in severe and resistant RA patients (Ghoryani et al., 2019). Our previous study has also suggested that HUMSCs alleviate CIA partly by regulating Tregs and Th17 (Li M. et al., 2020).
Cell transfer therapy appears to be safe and well tolerated, but the challenge is to obtain stable function and a substantial number of Tregs that are of controlled quality.
Target-Based Therapy
The most successful example of target-based therapy is tofacitinib (CP-690,550), which is a blockbuster drug affected in patients with moderately to severely active RA who have had an inadequate response or intolerance to methotrexate. Tofacitinib is a selective Janus kinase (JAK) inhibitor that preferentially inhibits JAK1 and JAK3. Cytokine binding to receptor of JAKs activates JAKs, which phosphorylates signal transducers and activators of transcription (STATs). Then, JAKs and STATs dimerize and translocate to nucleus where they regulate gene transcription (Ptacek et al., 2021). By blocking interferon (IFN) and IL-6, tofacitinib can decrease synovial immune and inflammatory responses (Boyle et al., 2015). At a clinically relevant dose, tofacitinib effectively preserves the suppressive activity of CD4+CD25bright Tregs but inhibits Teff functions by suppressing IL-2–induced P-STAT activity (Sewgobind et al., 2010).
Furthermore, as a key target connecting host immunity and intestinal flora as described above, AhR might be an effective target for regulating both immune status and intestinal flora. In another autoimmune disease, AhR agonists have been effective in plaque psoriasis on a Phase 2, randomized dose-finding study (Robbins et al., 2019). The result suggests the potential of AhR agonists in the treatment of RA.
SUMMARY AND FUTURE PERSPECTIVES
Although there is a considerable amount of knowledge about Tregs, continuous and repeated courses of RA with high disability rates are still occurring. Most studies on Tregs mainly focus on the number/proportion and associated cytokines, but the immunosuppressive mechanism of Tregs is much more complicated and study worthy. A previous study has made it clear that the pathogenesis of RA and prognosis are related to genetic and environmental factors. The curative effect of drugs on the individual differences in the corresponding relationship with a genotype is helpful to guide the choice of drugs and accurate medicinal development. However, few studies have focused on drug research based on genotype. In addition, several researchers are studying the effects of environmental pollutants, namely, polycyclic aromatic hydrocarbons, and their receptor AhR on RA and Tregs. Fortunately, tapinarof may have potential to treat RA (Bissonnette et al., 2021). Although single-target therapy for single molecules and single proteins is effective, the efficacy is limited. Individualized and system-based treatments should be a greater focus. A rational application of TCM, precise treatment based on genotype, and bacteria-based therapy may be the future of RA treatment.
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The pathogenesis of rheumatoid arthritis (RA) is still not fully clarified, and the development of therapeutic drugs for RA is particularly urgent. Our group studies a possibility that circ_ 0015756/miR-942-5p may participate in the pathogenesis of RA through disordered Cullin 4B (CUL4B) and the traditional Chinese medicine compound Huangqin Qingre Chubi Capsule (HQC) may inhibit the pathogenesis of RA through the CUL4B/Wnt pathway. Data showed that the expression of circ_0015756 increased not only in fibroblast-like synoviocytes (FLS) of RA, but also in synovium and FLS of CIA mice, and the expression of miR-942-5p decreased. Abnormal circ_0015756 up-regulated the CUL4B expression and activated the canonical Wnt signaling pathway by inhibiting the expression of miR-942-5p. Circ_0015756 participated in the pathogenesis of RA and promoted the abnormal proliferation of FLS. Further, circ_0015756 activated the secretion of IL-1 and IL-8 and promoted the production of RA pathological gene MMP3 and fibronectin. Further analysis showed that HQC inhibited the pathogenesis of RA through the CUL4B/Wnt pathway, and the specific target was CUL4B. HQC interfered with the effects of circ_0015756 on the pathogenesis of RA by inhibiting the CUL4B, showing a good therapeutic effect on RA.
Keywords: rheumatoid arthritis, cullin 4B, circ_0015756, canonical wnt signaling, huangqin qingre chubi capsule
INTRODUCTION
Rheumatoid arthritis (RA) is a chronic and systemic autoimmune disease characterized by symmetrical and multi joint inflammation. The incidence rate of RA in the world is 1%, most of the patients are at 40–60 years old, which seriously threaten human health, especially the health of the elderly (Weyand and Goronzy., 2021). At present, the pathogenesis of RA is still not fully clarified. The existing research results of pathological mechanism have accelerated the research and development of therapeutic drugs. However, it is still urgent to investigate the pathogenesis of RA and develop new therapeutic drugs (Lin et al., 2020; Pandolfi et al., 2020).
Fibroblast-like synoviocytes (FLS) are the core effector cells in the pathogenesis of RA, and the abnormal proliferation of FLS is the initial factor of RA. FLS activation and proliferation play a key role in the pathological mechanism of RA. FLS with abnormal proliferation releases cytokines and chemokines such as IL-6, IL-8 and IL-15, and promotes the migration and activation of leukocytes from blood vessels to synovium (Guo et al., 2020b; Tang et al., 2020). FLS synthesizes and secretes extracellular matrix proteins such as fibronectin and cell adhesion molecule, and recruits and resides leukocytes to gather in joint synovium. FLS can activate B lymphocytes, secrete matrix metalloproteinase MMP-3 and matrix degrading enzyme, degrade articular cartilage and aggravate the condition of RA. FLS can enhance the immune response to the degradation of articular cartilage to produce specific antigens and promote vascular regeneration mediated by stromal cell-derived molecule (SDF-1) and fibroblast growth factor (de Oliveira et al., 2020; Pap et al., 2020).
Wnt signal plays an important role in regulating the pathological changes of RA. Wnts are glycoproteins that can bind to the cysteine rich region of the extracellular region of FZ protein on cell surface (Cici et al., 2019). Under the synergistic action of helper receptor LDL 5/6, Wnts initiate the gene transcription and up-regulate the cell proliferation through a series of intracellular signal transduction pathways. For example, abnormal expression of Wnt1 affects the pathological changes of RA. TCF reporter gene analysis shows that the Wnt1 protein induces the Wnt signal activation of FLS. The expression of MMP3 is up-regulated by Wnt1 expression vector in normal human synovial cells, and the expression of MMP3 is inhibited by adding anti-Wnt1 antibody or recombinant SFRP1 to synovial cell culture medium (Liu et al., 2021; Miao et al., 2013).
Wnt5a plays an important role in the pathological mechanisms of RA. Further, in situ hybridization and immunohistochemical analysis show that wnt7b is highly expressed in RA articular cartilage, bone and synovium. After wnt7b is transfected into RA FLS, the TNF-α, IL-1 β and IL-6 are significantly up-regulated, suggesting that wnt7b plays an important regulatory role in the pathogenesis of RA (Ma et al., 2018; Marquez and Chen, 2020).
Among the eight cullins (cul1-7 and PARC) in higher organisms, the CUL4 subfamily of cullin-really interesting new gene (RING) ubiquitin ligase (CRL) contains two family members, CUL4A and CUL4B, which have extensive sequence homology. In recent years, a large number of studies have confirmed that CUL4B is closely related not only to cancer pathology, but also to the pathogenesis of RA (Lin et al., 2019).
Huangqin Qingre Chubi Capsule (HQC) is a traditional Chinese medicine compound for the treatment of RA created by the First Affiliated Hospital of Anhui University of Chinese medicine. HQC is composed of five traditional Chinese medicines: Scutellaria baicalensis Georgi, Gardenia jasminoides Ellis, Coicis Semen, Semen Persicae and Clematis chinensis Osbeck (Guo et al., 2020a). Clinical practice has proved that HQC can reduce the pain index, reduce the joint swelling, reduce the shorten morning stiffness time and improve the joint function in RA patients. HQC can also improve the lung function, heart function, and the anemia, inhibit the platelet activation, improve the hypercoagulable state and lipoprotein metabolism (Huang et al., 2020).
When screening the targets of HQC, our research group found that abnormally low expression of β-catenin, a key gene of Wnt signaling pathway, was detected in the synovium of CIA mice after HQC gavage. Meanwhile, HQC gavage of CIA mice also inhibited the expression of Wnt signal pathway genes c-Myc and CCND1. HQC gavage of CIA mice also decreased the expression of CUL4B in mouse synovium. Previous studies in our group confirmed that the abnormal CUL4B had an effect on the canonical Wnt signaling pathway.
Therefore, we propose a hypothesis that HQC may inhibit the pathogenesis of RA through the CUL4B/Wnt pathway, and HQC may be an effective RA therapeutic drug dependent on the CUL4B/Wnt pathway. In addition, we also deeply studied the regulatory mechanisms before the CUL4B/Wnt pathway. This study is of significance to clarify the pathogenesis of RA, and also provides a basis for HQC as an effective compound drug for the treatment of RA.
MATERIALS AND METHODS
Materials and Reagents
Anti-CUL4B antibody (ab227724), Anti-beta Catenin antibody (ab32572), Anti-c-Myc antibody (ab32072), Anti-Cyclin D1 antibody (ab16663), Anti-MMP3 antibody (ab52915), Anti-Fibronectin antibody (ab2413) and Anti-beta Actin antibody (ab8226) were purchased from Abcam (Waltham, MA, United States). miR-942-5p mimics, inhibitors and negative control (miRNA NC) were purchased from Shanghai GenaPharma Pharmaceutical Technology Co., Ltd. (Shanghai, China). CUL4B, β-catenin, MMP3, FIBRONECTIN, c-Myc, CCND1 and β-ACTIN primers were produced by Shanghai Sangon Biological and Technological Company (Shanghai, China). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazoliumbromide] and DMSO (dimethyl sulfoxide) were purchased from Sigma Inc.(St. Louis, MO, United States).
Preparation of Collagen-Induced Arthritis Model and Fibroblast-Like Synoviocytes Culture
5 mg/ml Freund’s complete adjuvant and 2 mg/ml chicken type II collagen were mixed in equal volume. After equal volume mixing, the emulsion was prepared by high-speed agitator. SPF grade C57BL male mice were purchased, and the 0.1 ml emulsion was injected into the tail root of the mice for immunization. After 21 days, another 0.1 ml was injected again to strengthen the immunization. After 35 days, CIA model mice were successfully prepared (Miyoshi and Liu, 2018).
Then the model mice in the experimental group were killed, the synovial tissue was isolated, and FLS was cultured by tissue block method. FLS was cultured in a cell culture flask with 5% CO2 at 37°C in a high sugar DMEM medium supplemented with 15% (V/V) heat inactivated fetal bovine serum (FBS) and penicillin streptomycin solution. The experimental cells we used were the third to sixth generations of FLS. The animal experiment of this study was carried out by an agreement approved by the Animal Ethics Committee of Anhui University of Chinese medicine.
Huangqin Qingre Chubi Capsule Administration Method and Preparation of Huangqin Qingre Chubi Capsule Medicated Serum
Based on the clinical dosage of HQC in RA patients and the body surface area exchange algorithm of human and mice, the dosage of CIA mice was determined as 0.36 g/kg weight per day. Then forty SPF grade C57BL male mice were randomly divided into two groups: blank control group and HQC group, with 20 mice in each group. HQC (0.36 g/kg weight) was administered by gavage (gavage volume: 10 ml/kg). The daily dose was administered by gavage twice, and the control group was given normal saline. Each group received continuous administration for 3 days, and then blood was taken from the femoral artery after anesthesia. Centrifugation, filtration, 56°C water bath for 30 min to inactivate complement. Mix well in the same group, 0.22 μM filter membrane for sterilization and seal at −80°C for storage. The dose of HQC medicated serum added to FLS culture medium is 20% of the final concentration of culture medium. The control group was added with the same volume of cell culture medium without drug containing serum.
Transient Transfection of miR-942-5p Mimics and Inhibitors
MiR-942-5p mimics, inhibitors and negative control sequence (miRNA NC) were purchased from Shanghai Gena Pharmaceutical Technology Co., Ltd. (Shanghai, China). These miRNAs were transfected into cultured FLS through Lipofectamine™ 3,000 (Invitrogen, Carlsbad, CA, United States) in accordance with the manufacturer’s instructions. FLS were transfected with a density of 0.5-1 × 105 cells/mL in DMEM containing 15% FBS. After 6 h of transfection, the culture medium was discarded, and then the transfected FLS was cultured for the specified time for further analysis.
MTT Assay
Each group of treated FLS with a cell density of about 0.5-1 × 105/ml was cultured in 96 well plates for 24 h. Then FLS and 20 μL MTT (5 mg/ml) were cultured in cell incubator for another 4 h. After incubation, FLS containing MTT reagent was resuspended at 150 μL DMSO (Sigma, United States) and shaked the bed at low speed for 10 min to completely dissolve the MTT transformed formazan. The absorbance was measured at 490 nm using a Thermomax microplate reader (bio-tek EL, United States), and the detected value indirectly reflected the number of living cells.
Real Time Quantitative PCR
We prepared total RNA using Trizol reagent (Invitrogen, United States) according to the manufacturer’s instructions, and reverse transcribed the total RNA according to the instructions provided by revertaid first strand cDNA synthesis kit (Fermentas, United States). Then, quantifast ® SYBR ® The green PCR kit and the following primers were used for real-time qPCR analysis of the target gene: 
CUL4B forward: 5′-GCC​CCT​GGA​ATA​GAG​GAT​GGA-3′, reverse: 5′-TCG​GTC​TGT​AGT​GCT​TGC​TTG​T-3′;
β-catenin forward: 5′-CTTAC GGCAATCAGGAAAGC-3′, reverse: 5′-ACAGAC AGCACCTTCAGCACT-3’;
MMP3 forward: 5′-TGAT GAACG ATGGACAGATGA-3′, reverse: 5′-AGC​ATT​GGC​TGA​GTG​AAA​GAG-3’;
fibronectin forward: 5′-GACACTATGCGGGTCA CTTG-3′, reverse: 5′-CCCAGG CAGGAGATTTGTTA-3’;
c-Myc forward: 5′-ATT​TCT​ATC​ACC​AGC​AAC​AGC​A -3′, reverse: 5′-ATT​TCT​ATC​ACC​AGC​AAC​AGC​A-3’;
CCND1 forward: 5′-GCC​CTC​CGT​TTC​TTA​CTT​CAA-3′, reverse: 5′-CTCTTCGC ACTTCT GCTCCTC-3’;
β-ACTIN forward: 5′-CCC​ATC​TAT​GAG​GGT​TAC​G C-3′, reverse: 5′-TTT​AAT​GTC​ACG​CAC​GAT​TTC-3’;
circ_0015756 forward: 5′-TGG​ACG​GAA​CCA​CCT​CAA​TG-3′, reverse: circ_0015756-R: 5′-CCT​GAA​ACC​ACC​CTC​ACA​AGT-3′;
miR-942-5p forward: 5′-AGG​GTC​TTC​TCT​GTT​TTG​GC-3′, reverse: 5′-GTT​GTG​GTT​GGT​TGG​TTT​GT-3′;
U6 forward:5′-CTCGCTTCGGCAGCACA-3′, reverse: 5′-AAC​GCT​TCA​CGA​ATT​TGC​GT-3′.
Subsequently, the expression level was calculated using the 2−ΔΔCt method. The amplification steps were based on the method provided by the kit, and the amplifcation procedure include 95°C for 10 min, followed by 40 cycles at 95°C for 15 s, 60°C for 30 s, 72°C for 30 s. In particular, the PCR amplifcation procedure for circ_0015756 was 95°C for 10 min, followed by 40 cycles of 95°C for 10 s, 60°C for 15 s, and 72°C for 10 s. The results were repeated three times independently.
Western Blot Analysis
Referring to the method provided by the cell lysis kit (Beyotime, China), the protein samples of each group to be analyzed are lysed, and the protein concentration was determined using the enhanced BCA protein analysis kit (Beyotime, China). Then, the total proteins of each group were separated by SDS-PAGE and imprinted on PVDF membrane for western blot analysis. Nitrocellulose blots were incubated in the corresponding antibody dilution buffer for 6 h, including CUL4B, β-catenin, c-Myc, cyclin D1, MMP3 and fibronectin, and these corresponding antibodies were diluted from 1:500 to 1:800. Mouse monoclonal antibodie β-actin was used at a dilution ratio of 1:800. Western blot was detected by ECL chemiluminescence kit (ECL-plus, Thermo Scientific), and the gray value of each band was further analyzed.
Enzyme-Linked Immuno Sorbent Assay
ELISA was used to determine the levels of IL-1, IL-6 and IL-8 produced in RA FLS or CIA FLS. The quantitative ELISA kit was purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China) the detection procedure referred to the method provided in the kit manual. The optical density detected by the detector was 450 nm, and three repeated measurements were made for each experimental group.
Construction and Transfection of CUL4B Vectors
CUL4B sequences were amplified by PCR, and then the PCR products were subcloned into pEGFP-C2 vectors for overexpression analysis according to standard instructions. The constructed pEGFP-C2 vectors containing the CUL4B mutation sequence were synthesized by the QuikChange Site-Directed Mutagenesis Kit (Stratagene, United States). Then the constructed expression vectors or mutant vectors were transfected into RA FLS or CIA FLS for further gene regulation analysis. All primers and pEGFP-C2 vectors were purchased from Shanghai gene Pharmaceutical Co., Ltd. (Shanghai, China), and all constructs were confirmed by sequencing.
Dual-Luciferase Reporter Assay
The wild-type luciferase reporter genes (circ_0015756-WT and CUL4B 3′UTR-WT) were formed by cloning circ_0015756 or CUL4B 3′UTR containing miR-942-5p binding site into pmirGLO vectors (LMAIBio, Shanghai, China). The mutant luciferase reporters (circ_0015756-MUT and CUL4B 3′UTR-MUT) were prepared via corresponding mutated binding sites. Subsequently, the corresponding reporter gene and miRNA NC or miR-942-5p were co-transfected into RA FLS. Firefy and Renilla luciferase activities were determined by Dual-Lucy Assay Kit (Solarbio, Beijing, China). Firefy luciferase activity was standardized by Renilla luciferase activity.
Ribo Nucleic Acid Immunoprecipitation Assay
EZ-Magna RIP kit (Millipore, MA, United States) is used for RIP analysis, and the method refers to the instructions provided by the manufacturer. After lysis of RA FLS in RIP lysis bufer, cell lysates were treated with magnetic beads combined with Ago2 antibody (anti-Ago2) overnight at 4°C. The corresponding antibody for negative test is IgG antibody (anti-IgG). The precipitated RNA was purified and the content of the target product was analyzed by RT-qPCR.
Ribo Nucleic Acid Pull-Down Assay
The binding of miR-942-5p to circ_0015756 was analyzed by RNA pull-down assay. Biotinylated miR-942-5p (bio-miR-942-5p) and negative control miRNA (bio-miRNA NC) were purchased from GenePharma (Shanghai, China). RA FLS was lysed and incubated with streptavidin coated magnetic beads (Invitrogen, CA, United States). Then, the abundance of circ_0015756 was measured by RT-qPCR analysis.
Statistical Analysis
Statistical significance was determined by either the Student’s t-test for comparison between means or one-way analysis of variance with a post hoc Dunnett’s test. Data are represented as Mean ± SE. Significance was defined as p < 0.05 vs. controls.
RESULTS
Huangqin Qingre Chubi Capsule Ameliorates the Severity of Arthritis of CIA Mice
The effects of HQC on CIA mice were evaluated, the evaluation indexes included the incidence rate, arthritis score, hind foot swelling, paw withdrawal threshold and body weight.
MTX has a significant effect in the treatment of RA, can alleviate the symptoms of RA and reduce joint injury. Therefore, MTX was used as a positive control drug in this study (Friedman and Cronstein, 2019). As shown in Figure 1A, the incidence rate of CIA mice in model group reached 100% on the 40th day. The incidence rate of HQC treatment group reached 100% on the 52nd day and methotrexate (MTX) group was the 56th days. The overall evaluation showed that HQC could delay the onset of CIA in mice. In the arthritis score (Figure 1B) and paw swelling score (Figure 1C), from the 32nd day, the score of the model group was significantly higher than that of the normal group, and the scores of arthritis and paw swelling in the HQC group and MTX group were significantly lower than those in the model group. The pain sensitivity of each group of CIA mice was characterized by paw withdraw threshold (Figure 1D), and the health status of each group was evaluated by the weight change of mice (Figure 1E). The data showed that from the 35th day, the two indexes of the model group were significantly lower than those of the normal group, and the indexes of the HQC group and MTX group were significantly higher than those of the model group.
[image: Figure 1]FIGURE 1 | HQC ameliorates the severity of arthritis of CIA mice. The effects of HQC on CIA mice were evaluated, including the incidence rate, arthritis score, paw swelling score, pain sensitivity and body weight. (A), the effects of HQC on the incidence rates of CIA mice were evaluated; (B), arthritis score of mice in each group; (C), paw swelling score in each group; (D): the pain sensitivity of each group was characterized by paw withdraw threshold; (E): the health status of each group was evaluated by the weight change of mice; (F): the effects of HQC on synovial pathology of model mice was evaluated by HE staining, “Normal” is normal group, “Model” is model group, “HQC” is HQC treatment group, “MTX” is positive drug MTX group. *Model group was compared with normal group; # HQC group was compared with model group.
HE staining showed that compared with the normal group, the synovium of CIA mice in the model group was seriously damaged, synovium proliferation was obvious, FLS arrangement was disordered and loose, and a large number of inflammatory cells were infiltrated. After HQC treatment, the severity of synovial damage, synovial hyperplasia, FLS proliferation and inflammatory cell infiltration in CIA mice were significantly reduced. As a positive control drug, MTX may be more effective than HQC (Figure 1F). However, HQC still has considerable therapeutic effect on CIA mice.
Huangqin Qingre Chubi Capsule Inhibited the Proliferation of Rheumatoid Arthritis Fibroblast-Like Synoviocytes
The therapeutic effects of HQC on CIA mice suggest that HQC may inhibit the pathological development of RA. Therefore, we first investigated the effects of HQC on RA FLS growth by cell counting. The results showed that compared with normal FLS, the proliferation of RA FLS increased significantly. In RA FLS, the proliferation of FLS in HQC group and MTX group were lower than that in RA group (Figure 2A). These findings were further confirmed by MTT analysis (Figure 2B). The effects of HQC on the production of IL-1, IL-6 and IL-8 in RA FLS were determined by ELISA. The levels of IL-1 (Figure 2C), IL-6 (Figure 2D) and IL-8 (Figure 2E) in RA FLS treated with HQC for 12, 24 and 36 h were significantly down-regulated. MMP3 and fibronectin are pathological related genes in RA, and overexpression of these two genes indicates the development of RA pathology. We found that HQC significantly inhibited the expression of MMP3 and fibronectin at the RNA (Figure 2F) and protein (Figure 2G) levels in RA FLS. These results suggest that HQC has therapeutic effect on RA and may be a potential natural product for the treatment of RA.
[image: Figure 2]FIGURE 2 | HQC inhibited the proliferation of RA FLS. The effects of HQC on RA was evaluated using RA FLS. (A): the effect of HQC on RA FLS growth was detected by cell counting; (B): the effect of HQC on RA FLS growth was detected by MTT; (C): the effect of HQC on the IL-1 secretion was detected by ELISA; (D): ELISA was used to detect the effect of HQC on IL-6 secretion; (E): the effect of HQC on the IL-8 was detected by ELISA; (F): the roles of HQC in the expression of MMP3 and fibronectin at the RNA levels were detected by real time qPCR; (G): the roles of HQC in the expression of MMP3 and fibronectin at the protein levels were detected by western blotting. *RA FLS group was compared with normal group; # HQC group was compared with RA FLS group.
Huangqin Qingre Chubi Capsule Inhibited the CUL4B Expression in CIA Mice and Rheumatoid Arthritis Fibroblast-Like Synoviocytes
The changes of CUL4B expression and the effects of HQC on CUL4B expression were first detected in the synovium and FLS of CIA mice. Ten CIA mice were killed every 7 days from the 28th day to the 56th day, and the expression of CUL4B in synovium was detected by real time qPCR (Figure 3A). Another group of mice were given HQC from the 28th day to the 56th day, then the expression of CUL4B in synovium of mice in each group was detected by western blotting (Figure 3B). The results showed that the expression of CUL4B in synovium of CIA mice increased gradually with the prolongation of modeling time. Intragastric administration of HQC could significantly inhibit the expression of CUL4B in synovium of CIA mice.
[image: Figure 3]FIGURE 3 | HQC inhibited the CUL4B expression in CIA mice and RA FLS. The effects of HQC on CUL4B expression was evaluated using samples from CIA mice and RA FLS. (A): Ten CIA mice were killed every 7 days from the 28th day to the 56th day, then the expression of CUL4B in synovium was detected by real time qPCR; (B): the expression of CUL4B in synovium of CIA mice in each group was detected by western blotting; (C): the expression of CUL4B in the third to sixth generation CIA FLS was detected by real-time qPCR; (D): the effect of HQC on CUL4B expression was detected by real-time qPCR; (E): the role of HQC in the expression of CUL4B was detected by immunohistochemistry; (F): immunofluorescence was used to detected the role of HQC in the expression of CUL4B, “Normal” is normal group, “Model” is model group, “HQC” is HQC treatment group, “NC” is the pure water group without HQC; (G): Real time qPCR was used to detect the expression of CUL4B in RA FLS; real-time qPCR (H) and western blotting (I) were used to detected the effects of HQC on the expression of CUL4B in RA FLS. For (B,C,D,H,I), *Model/RA FLS group was compared with normal group; # HQC group was compared with model/RA FLS group.
Real time qPCR was used to detect the expression of CUL4B (Figure 3C) in the third to sixth generation CIA FLS. HQC medicated serum (20%) was added to FLS culture medium for the fourth generation. After 36 h of culture, the effect of HQC on the CUL4B expression was detected by real-time qPCR (Figure 3D). The results showed that the expression of CUL4B gradually increased from the third to the sixth generation FLS, and HQC significantly inhibited the expression of CUL4B in the pathogenesis of CIA mice.
The results of immunohistochemistry (Figure 3E) and immunofluorescence (Figure 3F) showed that compared with the normal group, the expression of CUL4B in the synovium of CIA model mice was significantly increased, and the expression of CUL4B was significantly decreased after intragastric administration of HQC.
Real time qPCR was used to detect the expression of CUL4B in RA FLS from the third to sixth generation (Figure 3G). HQC medicated serum (20%) was added to the culture medium of RA FLS of the fourth generation. After 36 h of culture, the expression of CUL4B was detected by real-time qPCR (Figure 3H) and western blotting (Figure 3I). The expression of CUL4B gradually increased in RA FLS from the third and sixth generation, and the HQC significantly inhibited the expression of CUL4B in RA FLS. These findings suggest that HQC may affect the pathological development of RA by regulating CUL4B expression.
Huangqin Qingre Chubi Capsule Inhibited the Wnt Signaling Pathway in CIA Mice and Rheumatoid Arthritis Fibroblast-Like Synoviocytes
HQC was administered by gavage from the 28th day of CIA model preparation, and the expression of β-catenin was detected on the 28th, 35th, 42nd, 49th and 56th days respectively. The results showed that HQC inhibited the β-catenin expression in synovium of CIA model mice from the 35th day (Figure 4A). Western blotting detection in each group showed that HQC could significantly reduce the β-catenin expression on the 56th day of treatment (Figure 4B). Furthermore, the results of real time qPCR (Figure 4C) and western blotting (Figure 4D) showed that HQC medicated serum (20%) added to CIA FLS culture medium of each group significantly inhibited the expression of β-catenin. Adding HQC medicated serum (20%) to the cell culture medium of cultured RA FLS can also inhibit the expression of β-catenin (Figures 4E,F).
[image: Figure 4]FIGURE 4 | HQC inhibited the Wnt signaling pathway in RA pathogenesis. The effect of HQC on the expression of β-catenin was detected in synovium from CIA model mice by real-time qPCR (A) and western blotting (B); Real time qPCR (C) and western blotting (D) were used to detected the effect of HQC on the expression of β-catenin in CIA FLS; the effect of HQC on the β-catenin was detected in RA FLS by real-time qPCR (E) and western blotting (F); (G): the expression of c-Myc and CCND1 in the synovium of CIA mice was detected by real-time qPCR; the expression of c-Myc and CCND1 in RA FLS was detected by real-time qPCR (H); the interference of CUL4B vectors to HQC was detected by real-time qPCR (I). *Model/RA FLS group was compared with normal group; # HQC group was compared with model/RA FLS group. For (I), *HQC group was compared with RA FLS group; # HQC + CUL4B vector group was compared with HQC group.
In addition, the expression of c-Myc and CCND1 in the synovium of CIA mice decreased significantly after intragastric administration of HQC (Figure 4G). The same phenomenon was observed when HQC medicated serum (20%) was added to RA FLS medium (Figure 4H). This suggests that HQC inhibits the canonical Wnt signaling pathway in the pathogenesis of RA. When HQC medicated serum (20%) was added to cultured RA FLS or CUL4B vectors were transfected after HQC medicated serum (20%) was added, it was found that HQC medicated serum (20%) could inhibit the expression of β-catenin and CCND1, but CUL4B vectors reversed the effects of HQC medicated serum (20%) (Figure 4I). This suggests that CUL4B plays a key role in the mechanisms of HQC in the treatment of RA.
CUL4B is a Target of miR-942-5p in Rheumatoid Arthritis Fibroblast-Like Synoviocytes
Bioinformatics predicts that CUL4B may be a direct target of miR-942-5p (Figure 5A). To verify this prediction, double luciferase reporter gene (Figure 5B) and RIP assay (Figure 5C) were used to confirm the direct regulatory relationship between miR-942-5p and CUL4B. The results showed that CUL4B was the direct target of miR-942-5p. When RA FLS was transfected with miR-942-5p mimics and inhibitors, miR-942-5p mimics significantly up-regulated the expression of miR-942-5p and inhibited the expression of CUL4B. On the contrary, after the transfer of miR-942-5p inhibitors, the expression of miR-942-5p decreased significantly (Figure 5D) and the expression of CUL4B increased (Figure 5E). Western blotting further confirmed that up-regulated miR-942-5p inhibited the CUL4B protein expression (Figure 5F), and knockout of miR-942-5p resulted in a significant increase in CUL4B expression (Figure 5G).
[image: Figure 5]FIGURE 5 | CUL4B is a target of miR-942-5p in RA FLS. (A) the interaction relationship of the CUL4B and miR-942-5p was predicted by bioinformatics; (B): double luciferase reporter gene; (C): RIP assay; the effects of mir-942-5p mimics or inhibitors on the miR-942-5p (D) or CUL4B (E) was detected by real-time qPCR; (F,G): western blotting; (H,I): the roles of CUL4B vectors in the CUL4B expression were detected; (J,K): the reversal effects of CUL4B vectors on miR-942-5p mimics were detected by cell counting and real-time qPCR. For (J,K), *miR-942-5p mimics group was compared with mimic NC group; # miR-942-5p mimics + CUL4B vector group was compared with miR-942-5p mimics group.
In order to further verify the regulatory relationship between miR-942-5p and CUL4B, CUL4B vectors were prepared. When CUL4B vectors were transferred into RA FLS, the expression of CUL4B mRNA (Figure 5H) and protein (Figure 5I) increased significantly. After transferring miR-942-5p mimics and CUL4B vectors into RA FLS, the cell proliferation rate was detected. The results showed that miR-942-5p mimics could significantly inhibit the cell proliferation at 24, 48 and 72 h after transfection, but CUL4B vectors could reverse the effect of miR-942-5p mimics (Figure 5J). Similarly, miR-942-5p mimics transfection significantly inhibited the expression of β-catenin, C-myc and CCND1, and CUL4B vectors reversed the effect of miR-942-5p mimics (Figure 5K). The above results further prove that CUL4B is the direct target of miR-942-5p, and miR-942-5p takes the CUL4B as the target to affect the canonical Wnt signal pathway in RA FLS.
Effect of circ_0015756 on the miR-942-5p in Rheumatoid Arthritis Fibroblast-Like Synoviocytes
In CIA FLS and RA FLS, the expression of circ_0015756 increased significantly (Figure 6A) compared with the normal group, and the expression of circ_0015756 decreased significantly after knockout of circ_0015756 (Figure 6B). Bioinformatics prediction (Figure 6C), combined with real time qPCR detection, found that circ_0015756 knockout could significantly up-regulate the expression of miR-942-5p (Figure 6D). This suggests that there may be a direct regulatory relationship between circ_0015756 and miR-942-5p.
[image: Figure 6]FIGURE 6 | Effect of circ_0015756 on the miR-942-5p in RA FLS. (A) the expression of circ_0015756 in RA synovium and FLS; (B): the expression of circ_0015756 decreased after knockout of circ_0015756; (C): bioinformatics prediction; (D): circ_0015756 knockout up-regulate the expression of miR-942-5p; (E): the role of miR-942-5p mimics in the expression of miR-942-5p was detected by real-time qPCR; the direct interaction between circ_0015756 and miR-942-5p was detected by double luciferase reporter gene (F), RIP assay (G) and RNA pull-down assay (H); (I): the effect of knockout of circ_0015756 on the fibronectin was detected by real-time qPCR; (J–L): the effects of miR-942-5p silencing on the circ_0015756 knockout were detected by real-time qPCR and western blotting. For (J–L), *Si-circ_0015756 group was compared with si-NC group; #si-circ_0015756+miR-942-5p inhibitor group was compared with si-circ_0015756 group.
When miR-942-5p mimics were added to RA FLS culture medium, the level of miR-942-5p increased significantly (Figure 6E). The direct interaction relationship between circ_0015756 and miR-942-5p was proved by double luciferase reporter gene (Figure 6F), RIP assay (Figure 6G) and RNA pull-down assay (Figure 6H). The results showed that the circ_0015756 had a direct regulatory effect on miR-942-5p.
Furthermore, knockout of circ_0015756 significantly reduced the expression of RA gene fibronectin, which confirmed that circ_0015756 could promote the pathogenesis of RA (Figure 6I). In RA FLS, knockout of the circ_0015756 inhibited the expression of β-catenin (Figure 6J) and CUL4B (Figures 6K,L). Meanwhile, knockout of circ_0015756 and miR-942-5p could reverse the effects of circ_0015756 knockout alone, which further confirmed the direct regulatory relationship of the circ_0015756 to miR-942-5p.
The Interference Effects of Huangqin Qingre Chubi Capsule on the circ_0015756/miR-942-5p/CUL4B/β-Catenin Axis in Rheumatoid Arthritis Fibroblast-Like Synoviocytes
In the pathological mechanism of RA, circ_0015756 affects synovial proliferation and inflammation by targeting CUL4B through miR-942-5p, and HQC may take the CUL4B as the target to interfere with the circ_0015756. In this work, cell counting was used to detect the effects of HQC medicated serum (20%) on the miR-942-5p knockout, and the results showed that miR-942-5p knockout significantly enhanced the proliferation activity of RA FLS at 24, 48 and 72 h of miR-942-5p knockout, and HQC medicated serum (20%) could reverse the effects of miR-942-5p knockout (Figure 7A). Real time qPCR showed that the expression of β-catenin, C-myc and CCND1 increased significantly after miR-942-5p knockout. HQC medicated serum (20%) could reverse the effects of miR-942-5p knockout on the expression of these factors (Figure 7B). The results of western blotting further confirmed the above findings (Figure 7C). After miR-942-5p knockout, the expressions of IL-1, IL-6, IL-8 (Figure 7D), and RA related genes MMP3 and fibronectin (Figure 7E) were significantly increased. When HQC medicated serum (20%) was added, the levels of the above factors were significantly decreased. These results suggest that HQC can interfere with the roles of miR-942-5p in RA pathogenesis.
[image: Figure 7]FIGURE 7 | The interference effects of HQC on the circ_0015756/miR-942-5p/CUL4B/β-catenin axis in RA FLS. The interference effects of HQC on the circ_0015756/miR-942-5p/CUL4B/β-catenin axis was detected. (A): cell counting; the interference of HQC on the miR-942-5p silencing was detected by real-time qPCR (B) and western blotting (C); HQC interfered the miR-942-5p to affect the expression of IL-1, IL-6, IL-8 (D) and the MMP3 and fibronectin(E) in RA FLS; (F): HQC affected the cell proliferation activity of RA FLS by interfering the circ_0015756; HQC interfered the circ_0015756 and the influence on Wnt signal was detected by real-time qPCR (G); HQC interfered the circ_0015756 to affect the expression of IL-1, IL-6, IL-8 (H) and the MMP3 and fibronectin(I) in RA FLS. For (A–E), *miR-942-5p inhibitor group was compared with inhibitor NC group; #miR-942-5p inhibitor + H QC group was compared with miR-942-5p inhibitor group. For (F–I), *Si-circ_0015756 group was compared with si-NC group; #si-circ_0015756 + HQC group was compared with si-circ_0015756 group.
Further, after the circ_0015756 was knocked out, the proliferation activity of RA FLS decreased significantly at 24, 48 and 72 h, and the proliferation activity of FLS further decreased after HQC medicated serum (20%) was added (Figure 7F). When the circ_0015756 was knocked out, the expression of β-catenin, C-myc and CCND1 was significantly inhibited. After HQC medicated serum (20%) was added, the expression of β-catenin, C-myc and CCND1 was further inhibited (Figure 7G). HQC medicated serum (20%) can further enhance the inhibitory effects of circ_0015756 knockout on IL-1, IL-6, IL-8 (Figure 7H), MMP3 and fibronectin (Figure 7I). This confirmed the effects of HQC targeting CUL4B on the circ_0015756/miR-942-5p/CUL4B/β-catenin axis, suggesting that HQC was an effective Traditional Chinese medicine compound for the treatment of RA.
DISCUSSION
RA is an autoimmune disease mainly characterized by chronic inflammation of synovium, which can cause joint swelling and pain, and then lead to narrowing of joint space, destruction of cartilage, joint deformity, and finally different degrees of disability (Maden, 2020; Salliot et al., 2020). According to statistics, RA has been worldwide incidence, the average incidence rate is 1%, the prevalence rate of China is 0.3–0.4%. If not diagnosed and treated in time, 70% patients will be disabled after 2 years, and the average life expectancy will be shortened by 10–15 years (Rooney et al., 2020; Deane and Holers, 2021). In order to prevent and slow down the destruction of joints and improve the long-term disease status of patients, anti rheumatic drugs are used to improve the disease tend to be used clinically, and the disease symptoms of patients have been better improved, but the condition of most patients can not be effectively controlled for a long time. The activation and proliferation of FLS in synovial lining layer is a central event in the occurrence of RA disease. Proliferative FLS releases the IL-6, IL-8, IL-15, fibronectin, MMP3, matrix degrading enzyme, etc., regulates the formation of pannus that destroys the cartilage, resulting in irreversible joint damage (McHugh, 2020a; van Delft and Huizinga, 2020).
FLS plays an important regulatory role in the pathogenesis of RA. The NFκB ligand RANKL expressed on FLS and T cells interacts with the common receptor RANK expressed on monocytes to initiate the differentiation of osteoclasts and bone resorption. Therefore, FLS can regulate the formation of pannus, resulting in irreversible joint damage (McHugh, 2020b). In addition, FLS has the proliferation characteristics of stem cells, and the abnormal synovial hyperplasia may result from the compensatory regeneration of FLS caused by joint injury. In view of the key roles of FLS in the pathogenesis of RA, FLS is used as the research object in the study of RA pathological mechanisms and RA drug therapy (Zhu et al., 2021).
We found that HQC improved the severity of arthritis in CIA mice. The indicators of improvement included the incidence rate, arthritis score, hind foot swelling and body weight. In the CIA mice we prepared, the incidence rate of the model group reached 100% in 40th days, and the incidence rate in the HQC treatment group reached 100% on the 52nd day. In the arthritis score and foot swelling score, from the 32nd day, the scores of the model group were significantly higher than those of the normal group, and the arthritis score and foot swelling score of the HQC group were significantly lower than those of the model group. Further, the pain sensitivity of CIA mice also decreased after HQC treatment. HE staining further verified that HQC had a good therapeutic effect on CIA mice.
HQC is a clinically effective traditional Chinese medicine for the treatment of RA invented and produced by the First Affiliated Hospital of Anhui University of Chinese medicine, which has a clear role in the treatment of RA (Guo et al., 2020a; Huang et al., 2020). Through our experimental study on CIA mice, it is confirmed that HQC has therapeutic effect on RA model mice. This also provides an animal model for us to study the molecular mechanisms of HQC in the treatment of RA.
The therapeutic effects of HQC on CIA mice in turn suggests that HQC may inhibit the pathological development of RA patients. In view of the core role of FLS in the study of pathological mechanisms of RA, we first studied the effects of HQC on the growth of FLS by cell counting and MTT. The results showed that compared with normal FLS, the proliferation of FLS in RA patients was significantly increased, and HQC could significantly inhibit the abnormal proliferation of FLS. ELISA showed that the levels of IL-1, IL-6 and IL-8 in RA FLS treated with HQC for 12, 24 and 36 h were significantly down-regulated. MMP3 and fibronectin are pathology related genes of RA. The abnormal expression of these two genes indicates the development of RA pathology. We found that HQC significantly inhibited the expression of MMP3 and fibronectin in RA FLS. These results further suggest that HQC has a therapeutic effect on RA.
Our previous research work proved that the expression of CUL4B in synovium and FSL of adjuvant arthritis rats (AA rats) was significantly increased, and was involved in the pathological mechanisms of RA (Miao et al., 2018ba). In this work, we detected the increase of CUL4B expression in CIA mouse synovium and FLS, and detected the effects of HQC on the CUL4B expression. The results showed that the expression of CUL4B in the synovium of CIA mice increased gradually with the extension of modeling time. Intragastric administration of HQC significantly inhibited the expression of CUL4B in the synovium of CIA mice. This suggests that HQC may inhibit the pathological development of RA by inhibiting the CUL4B.
HQC medicated serum (20%) was added to our cultured CIA FLS, and the expression of CUL4B increased gradually from the third generation to the sixth generation FLS. HQC drug serum (20%) significantly inhibited the expression of CUL4B in the pathogenesis of CIA mice. The results of immunohistochemistry and immunofluorescence showed that compared with the normal group, the expression of CUL4B in the synovium of CIA model mice increased significantly, and the expression of CUL4B decreased significantly after intragastric HQC. We found that from the third generation to the sixth generation of RA FLS, the expression of CUL4B in RA FLS gradually increased, and HQC significantly inhibited the expression of CUL4B in RA FLS. These findings suggest that HQC may affect the pathological development of RA by inhibiting the expression of CUL4B.
Wnt signal plays an important regulatory role in RA pathology. Wnt signaling pathway regulates and controls many life processes, including differentiation and maintenance of cell morphology and function, stress, immunity, cell carcinogenesis, apoptosis and anti apoptosis (Huang et al., 2019). More than a dozen known high-risk cancers stem from the imbalance of Wnt signal transduction pathway, and Wnt signal is also closely related to the occurrence of RA. The expression of β-catenin, a key gene of classical Wnt signaling pathway, was significantly increased in synovium of RA patients, suggesting that Wnt signaling is activated in the pathological process of RA (Rabelo et al., 2010). Wnt1, Wnt5a, wnt7b, and fz5 were significantly overexpressed in synovium of RA patients. The high expression of Wnt1, Wnt5a, and fz5 was also detected in joint FLS of RA patients. The highly expressed Wnt1, Wnt5a, and wnt7b bound to FZ receptors on cell membrane surface and regulated the pathological changes of RA through Wnt signal (Imai et al., 2009; Liu et al., 2019; Wang et al., 2020).
Our previous study found that DNA hypermethylation mechanism led to the decrease of SFRPs expression and the activation of Wnt signal. In the pathological mechanism of RA model rats, DNA methyltransferase 1 (DNMT1) mediates the hypermethylation of SFRP4 and SFRP2 promoter regions, and the enrichment and binding of methyl-CpG binding protein 2 (MeCP2) in the hypermethylation regions of SFRP4 and SFRP2 promoters, resulting in the inhibition of the expression of SFRP4 and SFRP2 and the activation of Wnt signaling pathway (Miao et al., 2015a; Miao et al., 2018b). CUL4B mediated mechanism affects the activity of Wnt signaling pathway. The abnormally high expression of CUL4B promotes the activation of Wnt signaling pathway, and there is a synergistic mechanism with PRC2 and EZH2. Meanwhile, miR-101-3p is the upstream regulator of CUL4B. The low expression of miR-101-3p directly leads to the abnormal high expression of CUL4B. Further, miRNAs mechanism affects the activity of Wnt signaling pathway. In RA model rats and RA patient samples, the expression of miR-152, miR-663, miR-375 and miR-148b-3p is abnormal. The abnormally expressed four miRNAs affect the Wnt signal pathway through their respective targets and further affect the expression of RA related genes (Miao et al., 2014; Miao et al., 2015b; Miao et al., 2015c; Miao et al., 2018c). Through recent studies, epigenetic modifications represented by DNA hypermethylation, miRNAs and CUL4B mediated ubiquitination can participate in the pathogenesis of RA by regulating the Wnt signaling pathway.
In this work, adding HQC medicated serum (20%) to the cultured RA FLS culture medium could inhibit the expression of β-catenin, and the expression of c-Myc and CCND1 also decreased significantly, indicating that HQC inhibits the canonical Wnt signaling pathway in the pathogenesis of RA. CUL4B vectors reversed the effects of HQC medicated serum (20%), suggesting that CUL4B played a key role in the mechanisms of HQC in the treatment of RA, and HQC may play its role through the CUL4B.
Through bioinformatics prediction and experimental verification, in the pathological mechanisms of RA, circ_0015756 targeted the CUL4B through the miR-942-5p to affect the synovial proliferation and inflammation of RA. In view of the regulatory effects of HQC on the CUL4B, HQC may target the CUL4B and interfere with the effect of circ_0015756. Studies have shown that HQC medicated serum (20%) could reverse the effects of miR-942-5p gene knockout. After miR-942-5p knockout, the expressions of β-catenin, c-Myc and CCND1 increased significantly. HQC medicated serum (20%) could reverse the effects of miR-942-5p knockout on the expression of these factors. Further, when HQC medicated serum was added, the levels of L-1, IL-6 and IL-8 decreased significantly. These results suggest that HQC can interfere with the roles of miR-942-5p in the pathogenesis of RA.
When circ_0015756 was knocked out, the expressions of β-catenin, c-Myc and CCND1 were significantly inhibited. After adding HQC medicated serum, the expressions of β-catenin, c-Myc and CCND1 was further inhibited. HQC medicated serum could further enhance the inhibitory effects of circ_0015756 gene knockout on IL-1, IL-6, IL-8, MMP3 and fibronectin. This confirmed the effects of HQC on the circ_0015756/miR-942-5p/CUL4B/β-catenin axis by targeting the CUL4B, indicating that HQC is an effective traditional Chinese medicine compound for the treatment of RA.
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Clear cell renal cell carcinoma (ccRCC or KIRC) has a high mortality rate globally. It is necessary to identify biomarkers and investigate the mechanisms those biomarkers are associated with, to improve the prognosis of patients with KIRC. N6-Methyladenosine (m6A) affects the fate of modified RNA molecules and is involved in tumor progression. Different webservers were used in our research to investigate the mRNA transcription and clinical significance of YTHDF2 in KIRC. Survival analysis revealed that patients with elevated YTHDF2 transcription had a slightly longer OS and DFS than those with low YTHDF2 expression. YTHDF2 expression was shown to be significantly associated with the abundance of immune cells such as B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells. For a series of enrichment studies, we combined information on YTHDF2-binding molecules and expression-linked genes and identified the possible influence of “mRNA surveillance pathway,” “RNA degradation,” and “RNA transport” in the biology or pathogeny of KIRC. In addition, we identified multiple miRNA, kinase, and transcription factor targets of YTHDF2 in KIRC and constructed target networks. Overall, our findings show that YTHDF2 is a possible indicator of immune infiltration in the KIRC.
Keywords: YTHDF2, KIRC, biomarker, prognosis, immune infiltrates, N6-methyladenosine (m6A) RNA methylation
INTRODUCTION
KIRC is the third most common urinary system tumor, but it has the highest mortality rate (McDougal et al., 2015). It affects renal parenchymal cells and displays complex behaviors (Linehan et al., 2019). Currently, surgery is the main treatment strategy for KIRC, but is associated with a high risk of recurrence and metastasis (Chin et al., 2006). Radio and chemotherapies have similarly proved underwhelming. Immune therapy has revolutionized the treatment of cancer, and tumor immunology vigor (Riley et al., 2019). Immunotherapy has shown promising clinical effects in the treatment of renal cancer and has been a hot subject in the field (Xu et al., 2020). However, immunotherapy has a low rate of reaction (Rini and Atkins, 2009). To increase the response rate, reliable tumor immunotherapy biomarkers as targets or diagnosis and evaluation indicators will be beneficial. Investigations into identifying biomarkers of KIRC and developing therapeutic agents which influence their behavior, and ultimately results in earlier detection of KIRC, better treatments and patient prognoses are of great value for clinicians, oncologists, and of course KIRC patients.
N6-Methyladenosine (m6A) is a regular mRNA modification that was first identified and partially described in the 1970s (Adams and Cory, 1975; Beemon and Keith, 1977). Numerous recent studies have shown that m6A modification plays a key role in various types of carcinogenesis (Panneerdoss et al., 2018; Lan et al., 2019). Several studies have suggested a correlation between m6A and various cancers, including urologic neoplasms, digestive system neoplasms, and hematological cancer (Chen et al., 2018; Su et al., 2018; Chen et al., 2019; Han et al., 2019; Paris et al., 2019; Wang Q. et al., 2020).
“Writers,” “erasers,” and “readers” of the m6A gene are proteins that can add, delete, or identify m6A-modified sites and modify essential biological processes correspondingly (Wang et al., 2015; Śledź and Jinek, 2016; Meyer and Jaffrey, 2017).
Among the m6A reader proteins, YTHDF2 was the first to be recognized and studied extensively, affecting mRNA stability (Chandrashekar et al., 2017). YTHDF2 has been shown to affect tumor development in certain cancers by degrading m6A-modified mRNAs by binding to m6A sites. However, the role of YTHDF2 remains controversial, indicating that YTHDF2 is involved in a complex network of regulation in tumors. According to some research, YTHDF2 plays a significant function in pancreatic cancer (Chen et al., 2017). YTHDF2 binds RNA epitranscriptomic modifications to the development of glioblastoma stem cells (Dixit et al., 2021). YTHDF2 supports the cancer stem cell phenotype and metastasis in patients with liver cancer (Zhang et al., 2020). YTHDF2 was found to be upregulated in bladder cancer; upregulated YTHDF2 aids bladder cancer progression (Xie et al., 2020). However, some research indicates that YTHDF2 suppresses tumor progression in Hepatocellular carcinomas and osteosarcomas (Hou et al., 2019; Zhong et al., 2019; Yang et al., 2020).
The expression of YTHDF2 in primary KIRC and its association with relevant clinicopathological features and prognostic significance was investigated in this study.
For the first time, we created a predictive nomogram by combining relevant clinical factors and YTHDF2 gene expression. The immune penetration, genetic modification, functional states, relevant cellular pathway, and potential biological roles of YTHDF2 in KIRC progression were investigated using various web tools, which will aid in the understanding of a possible mechanism for kidney carcinogenesis. Additionally, we discovered YTHDF2 targets in the form of miRNA, kinase, and transcription factors in KIRC and constructed target networks. It is hoped that this study would lead to a better understanding of the possible role of YTHDF2 in tumor immunology and its prognostic value in KIRC.
METHODS
Analyses of YTHDF2 Gene Expression
We used the “Gene DE” module of the TIMER2 (Tumor immune estimation resource, version 2) web (http://timer.cistrome.org/) to aim at the expression variation of YTHDF2 between tumor and neighboring normal tissues for the various tumors and tumor subtypes in the TCGA project. The TCGA database (https://tcga-data.nci.nih.gov/tcga/) was used to collect the gene expression profiles of primary KIRC patients (April 12, 2021). Data on sex, age, survival, and results were obtained from the TCGA database. UALCAN is a robust website for analyzing specific genes in a variety of ways (Chandrashekar et al., 2017). The “Expression Analysis” component of UALCAN was applied to determine the mRNA level of YTHDF2 in various subgroups of patients with KIRC. The Human Protein Atlas (HPA) database was used to analyze YTHDF2 protein expression in clinical specimens (Asplund et al., 2012).
Analysis of the Prognosis for Survival
Disease-free survival (DFS) and overall survival (OS) significance map data of YTHDF2 through the TCGA KIRC dataset using the “Survival analysis” feature of GEPIA2 (Tang et al., 2019). Cutoff high (50%) and cutoff low (50%) values were used as expression levels in GEPIA2 to separate the high-expression and low-expression cohorts.
Analysis of Genetic Alteration
The cBioPortal website (https://www.cbioportal.org/) was used for genetic alteration analysis (Cerami et al., 2012; Gao et al., 2013). In the “Quick select” segment, we selected “Kidney Renal Clear Cell Carcinoma (TCGA, Firehose Legacy)” and entered “YTHDF2” for queries on the genetic modification characteristics of YTHDF2. In mRNA expression z-scores (RNA Seq V2 RSEM) and protein expression z-scores, a threshold of 2.0, was set (RPPA). The “Cancer Types Summary” module displayed the effects of the modification frequency, mutation form, and CNA (Copy number alteration).
Analysis of Immune Infiltration
TIMER is a convenient method for analyzing immune infiltrates in TCGA tumors (Li et al., 2017). Using the Wilcoxon test, the “Diff Exp” module was used to investigate YTHDF2 gene expression differences between tumor and normal tissues. The “Gene module” was used in our research to assess the relationship between YTHDF2 and immune cell infiltration.
Analysis of YTHDF2-Related Gene Enrichment
Centered on the TCGA KIRC dataset, we used GEPIA2’s “Similar Gene Detection” module to find the top 100 YTHDF2-correlated targeting genes. We used a single protein name (“YTHDF2”) and organism (“Homo sapiens”) to scan the STRING database (https://string-db.org/) and acquired the YTHDF2-binding protein (Szklarczyk et al., 2019). The following key parameters were set: the minimum required interaction score [“Low confidence (0.150),” the meaning of network edges (“evidence”), the maximum number of interactors to display (“no more than 50 interactors” in the first shell), and active interaction sources (“experiments”)]. We conducted an intersection study to compare the YTHDF2-binding and interacted genes using a web tool (http://bioinformatics.psb.ugent.be/webtools/Venn/). Furthermore, we used the “clusterProfiler” R package to perform GO (Gene Ontology) enrichment analysis and KEGG (Kyoto encyclopedia of genes and genomes) pathway enrichment analysis on the combined two sets of results (Yu et al., 2012). Finally, the enriched pathways were visualized using the R packages “ggplot2” (https://cran.r-project.org/web/packages/ggplot2/index.html). In this case, R language software (R-3.6.3, 64-bit) (https://www.r-project.org/) was used.
Biologists and clinicians can use LinkedOmics to view, interpret, and compare cancer multi-omics data within and through tumor types (Vasaikar et al., 2018). The “LinkFinder” module was used to look for genes that had a strong relationship with YTHDF2. The “Link-Interpreter” module was used to investigate YTHDF2’s functions, pathways, and networks, as well as the functions, pathways, and networks of substantially associated genes. The simulation was set to 500 with a 0.05 p-value cutoff and a minimum number of genes (size) of 3. Gene set enrichment analysis was used to conduct the relevant tests (GO, KEGG pathways, kinase-target enrichment, transcription factor-target enrichment, and miRNA-target enrichment).
GeneMANIA is a website that allows us to create a protein-protein interaction (PPI) network and learn about the functions of submitted genes. GeneMANIA was used in this analysis to predict the role of genes that were enriched in KIRC (Warde-Farley et al., 2010).
CancerSEA is the first database devoted to decoding distinct functional states of cancer cells at the single-cell level (Yuan et al., 2019). In this case, we analyzed the functional status of YTHDF2 in the CancerSEA database to better understand the relevance and underlying mechanisms of YTHDF2 expression in KIRC.
Open Targets is a tool that uses a target-centric workflow to identify diseases that are possibly associated with a particular target, which was used in this analysis to detect diseases linked to YTHDF2 (Koscielny et al., 2017).
Statistical Analyses
The Chi-square test was used to assess and evaluate the clinical and pathological conditions of the YTHDF2 low and high expression groups. The Cox logistic regression model was used to conduct univariate and multivariate analysis to find the independent prognostic variables that are significant for the prognosis of KIRC patients. Based on the result of multivariate cox regression analysis, we draw a nomogram by combining clinical factors and YTHDF2 gene expression to achieve a more reliable assessment of the 1-year, 3-years, and 5-years survival rate prediction of KIRC patients. R language software (R-3.6.3, 64-bit) (https://www.r-project.org/) was used to analyze the data and produce the nomogram. p-values less than 0.05 were deemed statistically significant.
RESULTS
The Expression of YTHDF2 in KIRC
The TIMER2 method was used to examine the expression status of YTHDF2 across TCGA cancer forms (Figure 1A). In kidney renal clear cell carcinoma (KIRC), kidney chromophobe (KICH), kidney renal papillary cell carcinoma (KIRP), YTHDF2 expression in cancer tissues was lower than that in adjacent normal tissues. Furthermore, the primary role of YTHDF2 in KIRCs is unknown. As a result, we concentrated on YTHDF2’s position in the KIRC. We compared the expression level of the YTHDF2 protein in RCC patients to that in normal kidney tissues to determine the status of YTHDF2 expression. We found that YTHDF2 staining in RCC tissues was poorer than that in normal kidney tissues in the HPA (Figure 1B). In subgroup analyses based on sample gender, age, nodal metastasis status, and disease stage, the transcription level of YTHDF2 was significantly lower in RCC patients than in healthy individuals (Figure 2).
[image: Figure 1]FIGURE 1 | Expression level of YTHDF2 in renal clear cell carcinoma (KIRC). (A) YTHDF2 levels were shown to be higher or lower in various cancers in the TCGA database (TIMER). (B) Protein expression of YTHDF2 in KIRC. KIRC, Kidney renal clear cell carcinoma.
[image: Figure 2]FIGURE 2 | The expression of YTHDF2 mRNA in subgroups of KIRC patients (UALCAN). (A) The comparative expression of YTHDF2 in normal and KIRC samples. (B) YTHDF2 expression in KIRC patients aged 21–40, 41–60, 61–80, or 81–100. (C) Comparative expression of YTHDF2 in normal and KIRC (Stage 1, 2, 3, or 4) samples. (D) Expression of YTHDF2 in normal and KIRC (with or without nodal metastasis) samples. *, p < 0.05; **, p < 0.01; ***, p < 0.001. KIRC, Kidney renal clear cell carcinoma.
Correlation Between Expression of YTHDF2 and Clinicopathological Parameters
Among the patients with renal clear carcinoma, 269 were in the YTHDF2 low expression group and 270 in the high YTHDF2 expression group. Correlation analysis revealed that YTHDF2 expression was significantly associated with T stage (p = 0.011) and histologic grade (p = 0.002). There were no significant differences in pathologic stage, age, indicators of metastasis to regional lymph nodes, presence of distant metastasis, serum calcium, and hemoglobin levels between the two groups (Supplementary Table S1).
To ascertain the prognostic value of YTHDF2 in KIRC, GEPIA2 was utilized to analyze the relationship between YTHDF2 expression and clinical follow-up data, and the log-rank statistical method was used for significance tests. The results showed that the elevated expression of YTHDF2 was positively correlated with disease-free survival (DFS) and overall survival (OS), indicating that the KIRC patients with low expression of YTHDF2 were correlated with a poor prognosis (n = 516, p < 0.05, Figure 3).
[image: Figure 3]FIGURE 3 | The prognostic value of YTHDF2 in KIRC. (A) The disease-free survival in KIRC patients with high or low YTHDF2 expression (GEPIA2). (B) The overall survival in KIRC patients with high or low expression of YTHDF2 (GEPIA2). KIRC, Kidney renal clear cell carcinoma. KIRC, Kidney renal clear cell carcinoma.
To further identify the risk factors associated with OS in patients with RCC, univariate, and multivariate analyses were performed to determine whether low expression of YTHDF2 is an independent risk factor for poor prognosis. Univariate analysis showed that prognosis was related to the age, clinical stage, T stage, N stage, M stage, pathologic stage, and YTHDF2 expression (Supplementary Table S2). Multivariate analysis showed that YTHDF2 expression was an independent risk factor for tumor progression (TCGA-KIRC cohort: OS, HR = 0.615, 95% CI: 0.405–0.934; p < 0.05) (Figure 4A).
[image: Figure 4]FIGURE 4 | Forest plot and nomogram construction. (A) Forest plot of the association between risk factors and overall survival (OS) in TCGA-KIRC patients. (B) Prediction model of nomogram construction. KIRC, Kidney renal clear cell carcinoma.
These data suggest that elevated YTHDF2 expression significantly prolongs OS and PFS in patients with KIRC. To obtain a more accurate prediction of survival rate in KIRC patients, we constructed a nomogram by integrating clinical factors and gene expression of YTHDF2 (Figure 4B).
Correlationship Between Expression of YTHDF2 and KIRC Immune Biomarkers
Compelling data have shown a strong association between tumor-infiltrating lymphocytes and cancer survival (Zhu et al., 2017; Denkert et al., 2018; Corredor et al., 2019). Consequently, we examined whether the expression of YTHDF2 was associated with TIMER levels during immune infiltration in KIRC. B cells (Cor = 0.227, p = 2.03e-03), CD8+ T cells (Cor = 0.247, p = 1.64e-07), CD4+ T cells (Cor = 0.301, p = 4.63e-11), macrophages (Cor = 0.348, p = 3.21e-14), neutrophils (Cor = 0.376, p = 7.69e-17), and dendritic cells (Cor = 0.304, p = 3.25e-11) were positively associated with YTHDF2 expression (Figure 5). The relationship between differentially expressed YTHDF2 and immune cell infiltration was also investigated. The Cox proportional hazard model was used, and confounding variables such as B cells, CD4+ T cells, macrophages, neutrophils, and YTHDF2 were considered. CD8+ T cells (p = 0.014), macrophages (p = 0.012), neutrophil cells (p = 0.016), and YTHDF2 expression (p = 0) were both shown to be consistent with the treatment outcomes in RCC patients (Supplementary Table S3).
[image: Figure 5]FIGURE 5 | The expression of YTHDF2 was shown to be significantly linked to immune cell infiltration.
Genetic Alternation, Functional States in the scRNA-Seq Datasets, Enrichment Analysis of YTHDF2-Related Partners, and Genetic Alteration in KIRC
Using cBioPortal, we ascertained the genetic modification status of YTHDF2 in TCGA-KIRC. We discovered that YTHDF2 was altered in 32 of 537 (6%) patients with KIRC, with mRNA upregulation in 17 cases (3.2%) and mutation in 15 cases (2.8%). (Supplementary Figure S1A). We were unable to find a connection between YTHDF2 mutations and KIRC OS and disease-free survival (DFS) prognosis (Supplementary Figures S1B,C, both p > 0.05).
We examined the functional status of YTHDF2 across various cancer types in the CancerSEA database to better understand the relevance and underlying mechanisms of YTHDF2 expression in cancer. An interactive bubble map was used to investigate the expression of YTHDF2 and the behavior of each functional state using single-cell datasets for various cancers. An overview of the relationship between the functional state and the number of single-cell datasets is shown in the upper bar plot (Figure 6A). According to the clustering results of CancerSEA, the overall expression of the module in the KIRC was found to be heterogeneous (Figure 6B). YTHDF2 was negatively correlated with proliferation in KIRC (Figure 6C).
[image: Figure 6]FIGURE 6 | YTHDF2 functional states in the scRNA-seq datasets. (A) Relevance of YTHDF2 across 14 functional states in distinct cancers. (B) The overall expression of the module in kidney clear carcinoma was found to be heterogeneous. (C) Correlations between the YTHDF2 expression and two functional states were identified by the CancerSEA database. * p < 0.05, **, p < 0.01, *** p < 0.001.
We attempted to screen out the targeting YTHDF2-binding proteins and the YTHDF2 expression-correlated genes for a series of pathway enrichment studies to learn more about the molecular function of the YTHDF2 gene in tumorigenesis. We identified 50 YTHDF2-binding proteins using the STRING instrument, all of which were confirmed by experimental data (Supplementary Table S4). The interaction network of these proteins was investigated (Figure 7A). We combined TCGA KIRC expression data with the GEPIA2 method to identify the top 100 genes associated with YTHDF2 expression (Supplementary Table S5). The expression of YTHDF2 was found to be positively associated with that of DDX20 (DEAD-box helicase 20) (R = 0.84), CDC42 (Cell Division Cycle 42) (R = 0.83), TARDBP (TAR DNA binding protein) (R = 0.81), PPP1R8 (Protein Phosphatase 1 Regulatory Subunit 8) (R = 0.82), and CHAMP1 (Chromosome Alignment Maintaining Phosphoprotein 1) (R = 0.8) genes (all p < 0.001) (Figure 7B). An intersection analysis of the two groups revealed that they shared one similar member, DIS3 (DIS3 homolog, exosome endoribonuclease, and 3′–5′ exoribonuclease) (Figure 7C). High DIS3 expression was linked to a positive prognosis in KIRC, according to GEPIA2 (Figure 8).
[image: Figure 7]FIGURE 7 | YTHDF2-related gene enrichment analysis and GO and KEGG analysis. (A) The available experimentally determined YTHDF2-binding proteins using the STRING tool. (B) The expression correlation between YTHDF2 and selected targeting genes, including PPP1R8, TARDBP, DDX20, CHAMP1 and CDC42. (C) An intersection analysis of the-binding and correlated genes was conducted. (D) KEGG pathway analysis. (E) Biological processes. (F) Molecular functions. (G) Cellular components.
[image: Figure 8]FIGURE 8 | The survival analysis of DIS3 in KIRC. KIRC, Kidney renal clear cell carcinoma.
To do KEGG and GO enrichment tests, we merged those two datasets. The KEGG data suggest that the “mRNA surveillance pathway,” “RNA degradation,” and “RNA transport” might be involved in the effect of YTHDF2 on tumorigenesis and progression of KIRC (Figure 7D). Most of these genes are related to pathways or cellular biology of RNA metabolism and nucleoside binding, such as regulation of mRNA metabolic process, RNA splicing, ribonucleoside binding, purine ribonucleoside binding, nuclear speck, and spliceosomal complex, according to the GO enrichment analysis results (Figures 7E–G).
We submitted YTHDF2 to Open Targets, a forum that provides a target-centric workflow for identifying diseases that may be associated with a given target to further validate its role. YTHDF2 is involved in immune and urinary system diseases (Supplementary Figure S2). These data suggest that YTHDF2 may play a role in immune escape in the KIRC microenvironment.
YTHDF2 Kinase, miRNA, and Transcription Factor Target Networks in KIRC
Since YTHDF2 is essential in KIRC, we utilized LinkedOmics and GSEA to identify targets of THDF2 in KIRC. YTHDF2 kinase, miRNA, and transcription factor target networks in the KIRC were investigated. The kinases BCR, ROCK, MKNK1, PRKC, and MKNK2 were the top five most significant kinase targets (Supplementary Figure S3A). The PPI network generated using GeneMANIA and correlated kinase BCR genes showed that these gene sets were primarily responsible for protein insertion into the membrane in the apoptotic signaling pathway (Supplementary Figure S4). MIR-202 (ATAGGAA) and MIR-381 (CTTGTAT) were significant miRNA targets (Supplementary Figure S3B). The gene sets responsible for negative regulation of growth, regulation of cell junction assembly, regulation of growth, negative regulation of cell growth, and post-transcriptional regulation of gene expression were identified in the PPI network generated using GeneMANIA with correlated genes of MIR-202 (ATAGGAA) (Supplementary Figure S5). V$E2F Q2, V$ETF Q6, V$MYC Q2, V$USF2 Q6, and V$TAXCREB 02 were often associated with YTHDF2’s transcription factor-target network (Supplementary Figure S3C). Furthermore, the PPI network generated using GeneMANIA with V$E2F Q2 correlated genes showed that these gene sets were primarily responsible for the PcG protein complex, PRC1 complex, histone monoubiquitination, histone ubiquitination, protein monoubiquitination, and nuclear ubiquitin ligase complex (Supplementary Figure S6).
DISCUSSION
YTHDF2, a member of the binding protein of m6A modification, the most widely distributed RNA modification in eukaryotes (Meyer and Jaffrey, 2017; Ji et al., 2018).
YTHDF2, one of the m6A “readers,” binds to m6A-modified mRNA and destabilizes it (Du et al., 2016; Ivanova et al., 2017). Accumulating evidence has shown that YTHDF2 is engaged in the development and progression of tumors (Chen et al., 2017, 2018, 2; Paris et al., 2019). The role of YTHDF2 in the pathogenesis of KIRC has not yet been characterized. Therefore, we used bioinformatics analysis of public sequencing data to direct future research in KIRC to obtain more comprehensive insights into the possible roles of YTHDF2 in KIRC.
Results from our study revealed downregulated mRNA and protein expression of YTHDF2 in KIRC. Subgroup analysis based on sample type, age, lymph node metastasis status, and disease stage showed that the level of YTHDF2 transcription in KIRC patients was substantially lower than that in healthy individuals. Correlation analysis showed that YTHDF2 expression was significantly associated with T stage (p = 0.011) and histologic grade (p = 0.002). Interestingly, we used the GEPIA2 tool to detect that patients with high YTHDF2 expression showed higher OS and DFS than those with low YTHDF2 expression.
A multivariate Cox study indicated that YTHDF2 expression was a predictor of OS in patients with KIRC. The clinicopathologic features associated with poor KIRC prognosis include age, N stage, M stage, and YTHDF2 expression, as suggested by the forest plot (Figure 4A). A predictive nomogram for KIRC that combines YTHDF2 expression with the above clinical variables has not yet been formulated. Based on the results of Cox regression analysis, we constructed a nomogram by integrating clinical factors and gene expression of YTHDF2 to obtain a more accurate assessment of the 1-year, 3-years, and 5-years survival rate prediction of KIRC patients. This also has practical significance for determining patient prognosis. In the internal validation, the c-index of the nomogram was 0.758 (95% CI, 0.854–0.941), which indicates that the prediction model has relatively good accuracy.
Cancer immunotherapy has recently been demonstrated to be effective and important for tumor treatment (Farkona et al., 2016). In pan-cancer distinctions, renal cell carcinoma is one of the most immune-infiltrated tumors (Şenbabaoğlu et al., 2016). In reality, it is critical to understand the immune infiltration state of cancer patients to choose the best immunotherapy strategy for each condition. We used TIMER to explore whether YTHDF2 expression is associated with KIRC immune infiltration. Our findings show that YTHDF2 expression is associated with various immune marker sets and stages of immune infiltration in KIRC. Our findings demonstrate that YTHDF2 expression is significantly correlated with the infiltration level of B cells, CD8+ T cells (Cor = 0.247, p = 1.64e-07), CD4+ T cells (Cor = 0.301, p = 4.63e-11), macrophages (Cor = 0.348, p = 3.21e-14), neutrophils (Cor = 0.376, p = 7.69e-17), and dendritic cells. According to Open Targets evidence, YTHDF2 plays an important role in the immune system and urinary system diseases. As a result, we hypothesized that YTHDF2 could influence tumor immunology and serve as an immunotherapeutic target for KIRC therapy. According to the scRNA data of CancerSEA, YTHDF2 was negatively correlated with proliferation in RCC. These results were consistent with the previous survival analysis.
We combined data on YTHDF2-binding components and expression-related genes for a series of enrichment studies and discovered the possible role of “mRNA surveillance pathway,” “RNA degradation,” and “RNA transport” in the etiology or pathogenesis of KIRC. The intersection analysis of STRING and GEPIA2 showed one common member, DIS3. The protein product of DIS3 is a part of the exosome complex in the nucleus of eukaryotic cells (Tomecki et al., 2010). DIS3 performs a variety of RNA metabolism roles, including mRNA quality control, gene expression regulation, and minor RNA processing (Robinson et al., 2015, 3). Failure to maintain a balance between the synthesis and degradation of RNA in the cell may lead to major changes in cell function. From the perspective of cancer progression, it can be speculated that DIS3 will enable cancer cells to regulate the expression of specific genes through means such as RNA degradation and other means. As a result, we examined DIS3 expression in KIRC tissues and non-tumor tissues and observed that DIS3 expression in KIRC tissues was slightly lower than in non-tumor tissues. High expression of DIS3 was correlated with a positive prognosis in KIRC, according to the survival data. We hypothesize that YTHF2 and DIS3 could collaborate in the production and advancement of KIRC.
The most significant kinases, miRNA, and transcription factor-target network of YTHDF2 in KIRC are associated with kinase BCR, MIR-202 (ATAGGAA), and V$E2F_Q2. The PPI network built with GeneMANIA and correlated genes of kinases BCR and MIR-202 (ATAGGAA) indicated that these gene sets were primarily responsible for apoptotic signaling pathways and negative growth regulation. Via BCR kinase and MIR-202, YTHDF2 can participate in the apoptotic signaling pathway and negatively regulate growth, influencing the occurrence and production of KIRC.
E2F transcription factors regulate the expression of several genes involved in cell proliferation, especially those involved in cell cycle progression through the G1 and S phases (Nevins, 2001). The Rb/E2F pathway regulates cell cycle initiation, proliferation, and apoptosis (Nevins, 2001). Disrupting the control of this pathway occurs in virtually all cancers and leads to increased activity of oncogenic E2F, leading to uncontrolled proliferation (Kent and Leone, 2019). TCGA-KIRC was used to analyze the expression levels of the E2F family genes in normal tissues and tumor tissues, and the results revealed that the majority of the E2F family genes were upregulated. (Wang H. et al., 2020).
Thus, our findings indicate that E2F is a key target of YTHDF2 and that YTHDF2 regulates the cell cycle and proliferation potential through this factor. Given the paucity of appropriate research, further research should be conducted to confirm this theory.
There were some limitations to our study. First, all data analyzed in this study were retrieved from online databases, further experiments and clinical trials are needed to confirm the value of YTHDF2 in KIRC Second, because the appropriate m6A sequencing data was incomplete, we did not merge transcriptome sequencing and m6A sequencing data for bioinformatics research. We did not assess the potential diagnostic roles of YTHDF2 in KIRC; therefore, future studies are needed to explore whether YTHDF2 could be used as a diagnostic marker. Experiments are needed to better understand the role and mechanism of the YTHDF2/E2F axis in KIRC.
CONCLUSION
In conclusion, our study shows that YTHDF2 is significantly downregulated and is associated with immune infiltration in KIRC. High YTHDF2 expression was linked to a positive prognosis and could be used as an independent prognostic predictor in patients with KIRC. In addition, YTHDF2 may regulate cell proliferation through the apoptosis pathway via E2F. Overall, further research is needed to elucidate the precise molecular mechanism that will aid in the advancement of KIRC-targeted therapy.
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Autoimmune hepatitis (AIH) is an inflammatory liver disease caused by a dysregulated immune response. Although the pathogenesis of AIH remains unclear, impaired regulatory T cells (Tregs) have been considered a driver of AIH development. Unlike autoreactive T cells, Tregs mainly utilize oxidative phosphorylation (OXPHOS) as their energy supply. Elevated glycolysis has been reported to limit the suppressive functions of Tregs. However, whether glucose metabolism reprogramming in Tregs is involved in AIH etiology remains unknown. The aim of this study was to examine alternations in Treg numbers and functions in AIH patients and concanavalin A (Con A)-induced hepatitis, while exploring associations between impaired Tregs and glucose metabolism. The frequency of Tregs was decreased in the peripheral blood but increased in liver biopsies of AIH patients. Moreover, immunosuppressive therapy rescued circulating Tregs in AIH. In Con A-induced immune hepatitis, enhanced intrahepatic Treg accumulation was observed over time, accompanied by reduced splenic Treg numbers. To investigate whether functional impairment of Tregs occurs in AIH, Tregs were isolated from experimental AIH (EAH) model mice and normal controls and the former displayed downregulated mRNA levels of FOXP3, CTLA4, CD103, TIGIT, CD39, and CD73. EAH model-derived Tregs also produced fewer anti-inflammatory mediators (TGF-β and IL-35) than control Tregs. Moreover, enhanced glycolysis and reduced OXPHOS were found in Tregs from EAH model mice, as reflected by elevated levels of key glycolytic enzymes (HK2, PK-M2, and LDH-A) and a decreased ATP concentration. This study revealed a decreased peripheral Treg frequency and abnormal intrahepatic Treg infiltration in AIH. It is first reported that glucose metabolism reprogramming is associated with decreases and functional impairments in the Treg population, promoting AIH development. Targeting glucose metabolism may provide novel insights for the treatment of AIH.
Keywords: autoimmune hepatitis, regulatory T cells, glycolysis, oxidative phosphorylation, glucose metabolism reprogramming
INTRODUCTION
Autoimmune hepatitis (AIH) is a relatively rare chronic liver disease mediated by immunological imbalance and characterized by elevated IgG levels, interface hepatitis, and specific autoantibodies (Mieli-Vergani et al., 2018; Trivedi et al., 2019). Prednisolone in combination with azathioprine is widely accepted as a standard therapy to achieve biochemical remission (Lohse et al., 2020; Mack et al., 2020). Although the underlying mechanism is obscure, the disruption of immune homeostasis is commonly considered a major driver of pathogenesis in AIH, which triggers aberrant immune attack on hepatocytes (Floreani et al., 2018; Webb et al., 2018).
Different murine models have been applied to investigate the molecular mechanisms of AIH and evaluate drugs, such as models induced by surrogates (e.g., concanavalin A, Con A; S-100) and autoantigens (e.g., CYP2D6, FTCD), as well as transgenic models (e.g., NTxPD-1−/−, APS-1) (Christen, 2019). However, these models have different limitations. The Con A-induced model shows acute and severe liver injury rather than chronic injury (Gantner et al., 1995); the CYP2D6 model has a chronic course but mainly mimics type 2 AIH (Liu et al., 2020); and the NTxPD-1−/− model only represents fetal AIH (Kido et al., 2008). To date, there is no perfect animal model to fully represent the features of AIH patients. Hepatic cellular infiltration in AIH patients shows the predominance of T lymphocytes (Webb et al., 2018). Additionally, abnormal antigen-specific T cell activation is considered a key point in AIH development (Floreani et al., 2018; Mack et al., 2020). Therefore, although Con A-induced hepatitis is acute and self-limited, it is widely used due to the induction of a T cell-mediated immune response in the liver, which can partially mimic the pathogenesis of human AIH (Tiegs et al., 1992; Christen, 2019; Fan et al., 2020; Tan et al., 2020).
As key regulators to maintain peripheral tolerance, regulatory T cells (Tregs) can secrete anti-inflammatory factors and granzymes to suppress autoreactive T cells (Wing et al., 2019). Additionally, dendritic cells are also inhibited by Tregs via inhibitory surface receptors. Therefore, Treg deficiency usually contributes to a series of autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis, and inflammatory bowel disease (Xie et al., 2019; Santinon et al., 2020; Quandt et al., 2021). Additionally, impairments in the Treg number and functions in AIH patients have been reported in several studies (Longhi et al., 2004; Longhi et al., 2006; Liberal et al., 2015). However, some studies have shown that Tregs retain their suppressive capacity and are not reduced in number in AIH patients (Peiseler et al., 2012). Reports on Treg changes in AIH patients remain controversial.
It is well known that cellular metabolism is essential for the activation, maintenance, and function of immune cells (Buck et al., 2017; Shyer et al., 2020). Naïve T cells are metabolically inactive and tend to use oxidative phosphorylation (OXPHOS) as their source of energy. In contrast, effector T cells (Teffs) change their energy supply from OXPHOS to glycolysis during activation (Leone and Powell, 2020). Metabolic reprogramming is required to support the proliferation and inflammatory functions of Teffs. Conversely, Tregs rely more on OXPHOS and fatty acid oxidation than glycolysis (Michalek et al., 2011). As an important regulator of metabolic programs, mTOR was reported to inhibit glycolysis in Tregs, leading to enhanced immunosuppressive functions (Charbonnier et al., 2019). Moreover, another study revealed that Ndfip1 could ameliorate autoinflammatory disease by suppressing glycolysis in Tregs (Layman et al., 2017). According to the information above, glycolysis appears to impair the stability and suppressive capacity of Tregs, thereby leading to autoimmune disorders. However, the effect of Treg metabolic reprogramming on the pathogenesis of AIH remains unclear.
The present study explored alterations in the numbers of circulating and intrahepatic Tregs in both AIH patients and Con A-induced model mice. Furthermore, the suppressive capability and glucose metabolism of Tregs from experimental AIH (EAH) model mice were evaluated. Collectively, the findings demonstrated that numerically and functionally impaired Tregs were involved in Con A-induced immune hepatitis via glucose metabolism reprogramming.
MATERIALS AND METHODS
Patients
Patients with AIH were recruited at the Division of Gastroenterology and Hepatology, West China Hospital of Sichuan University (Sichuan, China) from October 2019 until May 2021. All patients fulfilled the diagnostic criteria defined by the International Autoimmune Hepatitis Group (Alvarez et al., 1999; Hennes et al., 2008). Peripheral blood samples were drawn from newly diagnosed AIH patients (AIH, n = 30), patients given glucocorticoid treatment at different periods (3 weeks, n = 15; 6 months, n = 18), patients in complete biochemical remission (CR, n = 16), and healthy controls (HCs, n = 33). Liver biopsy specimens were collected from AIH patients. In addition, the normal liver tissues were obtained from patients undergoing liver resection for benign focal lesions (e.g., hepatic hemangioma and hepatic cysts). All normal liver samples were acquired from the biobank, West China Hospital, Sichuan University. Clinical characteristics are displayed in Table 1. Ethical approval was obtained from the Ethics Committee of West China Hospital, Sichuan University (No. 2013221).
TABLE 1 | Clinical and biochemical characteristics of AIH patients. Data are presented as the mean ± SD or n (%).
[image: Table 1]Cell Isolation
Peripheral blood mononuclear cells (PBMCs) were isolated from whole blood using density gradient centrifugation. Briefly, PBS-diluted blood samples (1:1) were carefully layered on 2 ml human lymphocyte separation medium (Dakewe, Shenzhen, China). Single-cell suspensions were harvested by gradient centrifugation at 800 g for 30 min. PBMCs were washed twice for further experiments.
Animals
Female C57BL/6 mice (8–10 weeks; 20–22 g) were provided by the Experimental Animal Center of Sichuan University (Sichuan, China). Animal experiments were approved by the Animal Ethics Committee of the West China Hospital, Sichuan University (No. 2020388A). EAH was established according to the protocol reported in a previous study (Fan et al., 2020). Mice were randomly divided into a negative control (NC) group and a Con A group. Con A (Sigma-Aldrich, St. Louis, MO, United States ) was administered intravenously via tail vein injection at a dose of 10 mg/kg. The mice in the NC group were injected with an equal volume of sterile saline. The mice were sacrificed at 12, 24, 48, or 72 h after injection for sample collection.
Flow Cytometry Analysis
PBMCs were isolated from AIH patients and healthy volunteers as mentioned above. In addition, single-cell suspensions were obtained by mechanical disruption of mouse spleens through 70-μm cell strainers. Erythrocytes were lysed using lysis buffer. Then, the freshly collected cells were resuspended in 100 μl of PBS and incubated with anti-CD3, anti-CD4, and anti-CD8a antibodies (BioLegend, San Diego, CA, United States ) at 4°C for 30 min. To detect Treg subpopulations, intracellular staining was performed using a transcription factor buffer set (BioLegend, San Diego, CA, United States ). After staining with anti-CD4 and anti-CD25 antibodies, the cells were fixed, permeabilized, and incubated with an anti-FOXP3 antibody (BioLegend, San Diego, CA, United States ). The frequencies of CD4+ CD25+ FOXP3+ Tregs, CD3+ CD4+ T cells, and CD3+ CD8a+ T cells were examined using a flow cytometer (Beckman Coulter, Brea, CA, United States).
Histopathological Analysis
Liver tissues were preserved in 4% formalin and embedded in paraffin. The samples were sliced into 3–4-μm sections, followed by dewaxing and rehydration. Then, hematoxylin and eosin (H&E) staining was performed according to standard protocols (Feldman and Wolfe, 2014). The pathological changes were evaluated by microscopic examination.
Immunohistochemical Staining of Liver Specimens
After dewaxing and rehydration, liver sections were immersed in EDTA antigen repair buffer and heated for 15 min in a microwave oven. Endogenous peroxidase activity was blocked with 3% hydrogen peroxide. The slides were blocked with 10% goat serum for 30 min and incubated with a primary antibody against FOXP3 (1:100, Cat #14-5773-82, eBioscience, San Diego, CA, United States ) overnight at 4°C. The sections were washed with PBS and incubated with horseradish peroxidase-conjugated goat anti-rat IgG (1:200, GB23302, Servicebio, Wuhan, China) for 1 h at 37°C. Then, diaminobenzidine solution was added for color development. The staining was visualized by light microscopy.
Enzyme-Linked Immunosorbent Assay
Serum from patients and HCs was prepared by centrifugation of whole blood at 1,000 g for 10 min. The levels of IL-6, IL-10, and TGF-β were measured using a human ELISA detection kit according to the manufacturer’s instructions (MultiSciences, Hangzhou, China). Briefly, 100 μl of standards, blank, or serum samples were added to the ELISA plate. Then, 50 μl of the assay diluents were pipetted into the wells and incubated for 2 h with shaking. After washing completely, horseradish peroxidase-conjugated streptavidin was added, followed by incubation for 45 min at room temperature. Finally, a tetramethylbenzidine substrate was applied for color development. The optical density values were measured at 450 and 570 nm by a microplate reader (BioTek, Winooski, VT, United States).
Liver Function Assay
Blood was collected from mice in each group by retro-orbital removal and then centrifuged at 1,000 g for 10 min to obtain the serum. The serum levels of alanine transaminase (ALT) and aspartate transaminase (AST) were detected by an automatic biochemical analyzer (Hitachi, Tokyo, Japan).
Isolation of CD4 + CD25 + Cells
Splenic mononuclear cells isolated from mice in different groups were separated as described above. First, cells were incubated with antibodies and microbeads at 4°C; then, they were passed through a long deletion column. CD4+ cells were negatively selected with a magnetic-activated cell sorting system (Miltenyi Biotec, Gladbach, Germany). Next, CD4+ CD25+ cells were enriched by positive selection. After magnetic sorting, the purities of CD4+ CD25+ cells and CD4+ CD25+ FOXP3+ Tregs were assessed with a flow cytometer (Beckman Coulter, Brea, CA, United States). Sorted cells were rinsed and collected for further experiments.
Real-Time Quantitative PCR
Total RNA was extracted from Tregs isolated from mouse spleens with an AxyPrep total RNA extraction kit (Axygen, New York, NY, United States). cDNA was synthesized using a PrimeScrip RT reagent kit (Takara, Shiga, Japan). All primers were obtained from Tsingke (Beijing, China), and the sequences are listed in Supplementary Table S1. Then, RT-qPCR was performed using SYBR Green Supermix on a CFX96 RT-qPCR detection system (BioRad, Hercules, CA, United States). The expression levels of mRNA transcripts related to Treg functions and glucose metabolism were normalized to β-actin mRNA levels.
ATP Assay
ATP levels in Tregs isolated from mouse spleens were measured with the ATP Assay Kit (Beyotime Biotech, Shanghai, China). A total of 2 × 105 cells were sorted and lysed with ATP assay lysis buffer, followed by centrifugation at 12,000 g for 5 min at 4°C. The supernatants were collected and immediately placed on ice. Then, 100 μl of ATP detection working solution was added to each well and incubated at room temperature for 5 min to eliminate any background signal. The sample wells were treated with 20 μl of supernatant. The cellular ATP concentration was measured by a luminometer (PerkinElmer, Waltham, MA, United States).
Statistical Analysis
Data are presented as the mean ± SD and were analyzed with GraphPad Prims 9 (GraphPad Software Inc., San Diego, CA, United States) and SPSS 24.0 software (SPSS Inc., Chicago, IL, United States). Statistical analysis was performed using a two-tailed Student’s t-test and one-way ANOVA. Statistical significance was labeled according to the p value as *p value < 0.05, **p value < 0.01, and ***p value < 0.001.
RESULTS
The Frequency of Tregs is Decreased in the Peripheral Blood but Elevated in the Liver of AIH Patients
Tregs were defined as CD4 + CD25 + FOXP3+ cells by flow cytometry (FCM). The gating strategy is provided in Figure 1A. Circulating Tregs in AIH patients and HCs were analyzed by FCM. The results showed that the frequency of Tregs among CD4 + T cells was reduced in the patients compared with the HCs (Figures 1B,C). To determine the effect of glucocorticoid therapy on Treg numbers, the posttreatment FCM data were compared with baseline data. Treg subsets were slightly but significantly elevated after 3 weeks of prednisolone treatment compared with the baseline levels. However, the Treg frequency returned to approximately the baseline level after 6 months of immunosuppressive therapy. Moreover, patients in complete biochemical remission showed enhanced levels of circulating Tregs compared with those measured at the initial diagnosis (Figure 1C). Considering the essential role of T cell-mediated immune attack, the frequencies of T cells were also analyzed in some patients. Activated CD3 + CD4 + T cell levels in AIH patients showed almost 1.4-fold upregulation relative to those in HCs. Similarly, the CD3 + CD8a + T cell frequency in AIH patients was higher than that in HCs (Figure 1D). To further localize Tregs in the liver, liver samples from newly diagnosed patients and HCs underwent IHC staining for FOXP3. FOXP3+ Tregs were strikingly increased and mainly accumulated in portal areas in AIH patients compared with HCs (Figure 1E). To verify the involvement of Treg-related cytokines, human serum levels of TGF-β and IL-10 were detected by ELISA. Cytokine analyses demonstrated that AIH patients had lower TGF-β serum levels than HCs. Nevertheless, the circulating IL-10 level was increased in AIH (Figure 1F). Overall, Tregs were reduced in the peripheral blood but increased in the liver of AIH patients and secreted anti-inflammatory factors.
[image: Figure 1]FIGURE 1 | Tregs were decreased in the peripheral blood but accumulated in the liver of AIH patients. (A) Gating strategy for circulating CD4+ CD25+ FOXP3+ Tregs. (B) Representative FCM plots showing Tregs in healthy donors (HCs), newly diagnosed AIH patients (AIH), patients receiving therapy (3 weeks and 6 months), and patients in complete biochemical remission (CR). (C) FCM analysis of circulating Tregs in HCs and AIH patients at diagnosis, during therapy, and in CR. (D) FCM analysis of circulating CD3+ CD4+ T cells and CD3+ CD8+ T cells in HCs and AIH patients. (E) Immunohistochemical staining for FOXP3 in liver samples from HCs and AIH patients. (F) Serum levels of IL-6 and TGF-β measured by ELISA. Original magnification, 100x and 200x.
Enhanced Intrahepatic Treg Infiltration in EAH Over Time
Given the changes in Treg numbers observed in AIH patients, further experiments were carried out with EAH model mice to explore the potential mechanism.
Mice were sacrificed at 12, 24, 48, or 72 h after Con A injection (Figure 2A). The liver, spleen, and blood were collected. The serum ALT and AST levels in Con A-treated mice were dramatically elevated at 12 h compared with those in NCs and then rapidly decreased between 24 and 72 h after Con A administration (Figure 2B). Representative H&E staining of the liver displayed moderate inflammatory cell infiltration in portal areas and hepatocyte necrosis at 12 h. Moreover, aggravated immune cell infiltration and vacuolation were observed between 24 and 48 h. At 72 h after modeling, livers showed a disorganized hepatic lobular structure, severe sinusoidal congestion, and massive areas of hepatocyte necrosis surrounded by inflammatory cell infiltrates (Figure 2C).
[image: Figure 2]FIGURE 2 | Reduced splenic Tregs and accumulated intrahepatic Tregs in Con A-induced immune hepatitis over time. (A) C57BL/6 mice were injected intravenously with 20 mg/kg Con A. Eyeball blood, spleens, and livers were collected separately at 12, 24, 48, and 72 h after Con A treatment. (B) Serum ALT and AST levels. (C) FCM analysis of splenic Tregs with comparisons between NCs and EAH model mice at different time points. (D) H&E staining of murine liver samples. (E) IHC staining for FOXP3 to evaluate intrahepatic Treg infiltration in different groups. Original magnification, 100x and 200x.
To evaluate alterations in Treg numbers, FCM and IHC analyses were conducted in each group. The FCM data revealed that the frequency of splenic Tregs was decreased at 12 h in the Con A group compared with the normal group. After a slight upregulation at 24 h, the peripheral Treg frequency gradually decreased until 72 h (Figure 2D). In addition, intrahepatic Tregs were identified by IHC staining for FOXP3. In contrast to the splenic Treg data, an increasing number of Tregs infiltrated portal areas over time after modeling (Figure 2E). The results indicate that intrahepatic Treg accumulation increases over time in EAH, which is contrary to the trends for the splenic Treg frequency.
Treg Inhibitory Function is Impaired in EAH
To better explore the suppressive function of Tregs, CD4+ CD25+ cells were isolated from mouse spleens in both the NC and Con A groups by immunomagnetic cell sorting. FCM data showed that the percentage of CD4 + CD25 + cells reached approximately 88%. Moreover, the purity of CD4+ CD25+ FOXP3+ Tregs was approximately 75% (Figure 3A).
[image: Figure 3]FIGURE 3 | Tregs were functionally impaired in EAH. (A) CD4+ CD25+ Tregs were isolated from mouse spleens by immunomagnetic bead sorting. The purities of CD4+ CD25+ and CD4+ CD25+ FOXP3+ cells were assessed by FCM. (B) The expression of FOXP3 was examined by RT-qPCR. (C) mRNA expression levels of CTLA-4, CD103, and TIGIT. (D) mRNA levels of CD39 and CD73 in Tregs from each group. (E) Expression of the anti-inflammatory cytokines TGF-β and IL-35. Gene expression was normalized to that of β-actin.
To identify whether Tregs exhibit an impaired immunosuppressive capacity in EAH, the levels of related mRNA transcripts were examined by RT-qPCR in both NCs and EAH model mice. As a core transcription factor in immunosuppressive regulation, FOXP3 showed markedly decreased expression in Tregs from EAH model mice compared with those from NCs (Figure 3B). Additionally, similar patterns of expression for cytotoxic T-lymphocyte antigen (CTLA-4) and CD103 were discovered in EAH. In the model group, the TIGIT levels were slightly decreased, but the difference was not significant (Figure 3C). Interestingly, we found that the levels of CD39 and CD73, which are known to produce the inhibitory molecule adenosine, were decreased in EAH-derived Tregs (Figure 3D). qPCR analysis further compared cytokine production between the two groups. Tregs from EAH model mice produced lower levels of anti-inflammatory factors (e.g., TGF-β and IL-35) than those from NCs (Figure 3E). Taken together, these data suggest that in EAH, Tregs have impaired immunosuppressive function, as reflected by the downregulated mRNA levels of FOXP3, CD39, CD73, CTLA-4, CD103 and anti-inflammatory cytokines.
Tregs Have Augmented Glycolysis and Reduced OXPHOS in EAH
To investigate alterations in Treg metabolism, Tregs from NCs and EAH model mice were isolated to determine the expression of mRNA transcripts related to glycolysis and OXPHOS and the ATP concentration. The expression of hexokinase 2 (HK2), which serves as a key enzyme in glycolysis, was strikingly upregulated in Tregs from EAH model mice (Figure 4A). The expression of pyruvate kinase-M2 (PK-M2) followed the same increasing trend (Figure 4B). Lactate dehydrogenase A (LDHA) mRNA levels were also significantly elevated in the EAH group (Figure 4C). As an essential stimulator of glycolysis, hypoxia-induced factor 1-α (HIF-1α) showed a considerable rise in its expression level in the EAH group (Figure 4D). Nevertheless, the expression of glucose transporter 1 (GLUT1), which is responsible for glucose uptake, was unchanged (Figure 4E). Cellular ATP levels were markedly decreased in Tregs isolated from EAH model mice, as determined with a luminometer, indicating OXPHOS downregulation (Figure 4F). Additionally, there was a decline in the glycogen synthase kinase 3A (GSK-3A) level of Tregs from EAH model mice, suggesting enhanced glycogenesis (Figure 4G). It was observed that Tregs from EAH model mice had lower levels of hexose-6-phosphate dehydrogenase (H6PD), reflecting an impaired pentose phosphate pathway (Figure 4H). In general, the data demonstrated enhanced glycolysis and impaired OXPHOS in Tregs from EAH model mice.
[image: Figure 4]FIGURE 4 | EAH-derived Tregs had enhanced glycolysis and decreased OXPHOS. (A–C) The expression of HK2, PK-M2, and LDHA in freshly isolated Tregs from NCs and EAH model mice was assessed by RT-qPCR. (D–E) HIF-1α and GLUT1 mRNA levels. (F–G) GSK-3A and H6PD mRNA levels. (H) Magnetically sorted Tregs from each group were cultured for 24 h. Cells were harvested and lysed to detect the ATP concentration. Gene expression was normalized to that of β-actin.
DISCUSSION
As important components of the adaptive immune system, Tregs have been reported to modulate the immune microenvironment in the liver (Wang et al., 2020). The present study demonstrated that defective Tregs could promote the progression of Con A-induced immune hepatitis, likely due to increased glycolysis and reduced OXPHOS (Figure 5).
[image: Figure 5]FIGURE 5 | Glucose metabolism reprogramming of Tregs in Con A-induced hepatitis. The frequency of Tregs was decreased in the peripheral but increased in the liver tissues of AIH patients and mouse models. In Con A-induced immune hepatitis, Tregs are functionally impaired and show enhanced glycolysis and decreased OXPHOS.
Tregs are a specific subset of CD4+ T cells with coexpression of the IL-2 receptor α-chain (Qiu et al., 2020). The transcription factor FOXP3 is also a characteristic marker of Tregs and is required for Treg development and suppressive functions (Kitagawa and Sakaguchi, 2017). Several studies have reported that the Treg frequency is decreased in the peripheral blood of AIH patients (Liberal et al., 2015; Longhi et al., 2021). However, Peiseler et al. found that circulating Tregs, defined as CD4+ CD25high CD127low FOXP3+ cells, were not reduced in AIH patients compared with HCs (Peiseler et al., 2012). Therefore, we gated CD4+ CD25+ FOXP3+ cells by FCM and performed IHC staining to evaluate the Treg frequency. The findings revealed that Tregs were decreased in the peripheral blood but increased in liver sections in newly diagnosed AIH patients compared with HCs. This phenomenon was further confirmed in a Con A-induced immune hepatitis model. The data are consistent with most studies and indicate that reduced circulating Treg levels and abnormal Treg accumulation in liver tissues may be associated with the etiology of AIH.
Prednisolone plus azathioprine is considered the first-line therapy for AIH (Lohse et al., 2020; Mack et al., 2020). Liberal et al. revealed that patients in remission had a higher percentage of CD4+ CD25+ CD127- Tregs than active AIH patients (Rincon et al., 2018). However, Peiseler et al. found that the frequency of CD25+ CD127- FOXP3+ Tregs was lower in patients in remission than in untreated patients with active AIH (Peiseler et al., 2012). In addition, multicolor immunofluorescence staining of liver biopsies showed that AIH therapy could reduce Treg accumulation in portal areas (Taubert et al., 2014). Similarly, intrahepatic Tregs were also observed to decline during therapy in pediatric AIH (Diestelhorst et al., 2017). To validate whether immunosuppressive treatment can rescue the number of Tregs, were compared the circulating Treg frequency in different groups, including untreated patients, treated patients (3 weeks and 6 months), and patients in biochemical remission, by FCM. The findings indicated that immunosuppressive treatment could reverse the downregulation of circulating Tregs in AIH.
Tregs play essential roles in maintaining immune homeostasis and preventing autoimmunity by suppressing immune responses. Impaired Treg functions have been reported to contribute to various autoimmune diseases (Dominguez-Villar and Hafler, 2018; Mohr et al., 2019). Tregs mainly exert their suppressive effect via the following mechanisms (Longhi et al., 2021): 1) Tregs can secrete anti-inflammatory cytokines, such as TGF-β, IL-10, and IL-35; 2) Tregs can hydrolyze proinflammatory ATP to generate immunosuppressive adenosine via CD39 and CD73; 3) Tregs can induce Teff apoptosis via direct contact; and 4) CTLA-4 on Tregs can bind to CD80/CD86 on antigen-presenting cells (APCs), thus downregulating the expression of costimulatory molecules on APCs. Therefore, Tregs can limit the initiation of the immune response by modulating APCs. In the current study, we found that Tregs from EAH model mice had lower mRNA levels of FOXP3, CTLA-4, CD103, TIGIT, CD39, and CD73 than those from NCs. Tregs derived from the Con A-induced hepatitis model also produced less TGF-β and IL-35. These data indicated that Treg dysfunction may be associated with AIH development.
Considering the importance of cellular metabolism to Treg stability and functions, we next examined the shift in glucose metabolism between Tregs from EAH and those from NCs (Kempkes et al., 2019). HK2, PK-M2 and LDHA function as key enzymes in the modulation of glycolysis (Feng et al., 2020). Teffs are known to utilize glycolysis for survival and effector functions (Almeida et al., 2021). In contrast, Tregs mainly depend on OXPHOS to provide the energy supply needed for stability and inhibitory functions (Kurniawan et al., 2020). Enhanced glycolysis has been reported to correlate with functional impairment of Tregs. Previous work indicated that FOXP3 can alter the patterns of glucose metabolism in Tregs, leading to increased glycolysis and decreased OXPHOS (Angelin et al., 2017). Another study identified HIF-1α as a metabolic switch in Tregs that controls the balance between glycolysis and OXPHOS, resulting in a waning of immunosuppression (Rincon et al., 2018). However, the metabolic alterations in Tregs in AIH remain obscure. In the present study, we confirmed that functionally impaired Tregs from EAH model mice had higher levels of HIF-1α and key glycolytic enzymes. Additionally, EAH mouse derived Tregs generated less ATP than those from NCs. This study demonstrated that glucose metabolism reprogramming may promote Treg dysfunction in Con A-induced immune hepatitis. This is the first study to reveal alerted glucose metabolism in Tregs in Con A-induced hepatitis. Adoptive transfer of metabolically engineered Tregs may provide novel insights into AIH treatment.
CONCLUSION
In summary, the current study indicates that Tregs are reduced in the peripheral blood but increased in the liver of AIH patients. The same trends were also observed in Con A-induced hepatitis. Furthermore, EAH mouse-derived Tregs exhibited attenuated suppressive functions, enhanced glycolysis and decreased OXPHOS compared with those from NCs.
Glucose metabolism reprogramming in Tregs may impair their suppressive capability, thus leading to immune disorders in Con A-induced immune hepatitis. Therefore, targeting glucose metabolism in Tregs could be a potential approach for AIH treatment.
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Programmed death protein 1 (PD1) is a common immunosuppressive member on the surface of T cells and plays an imperative part in downregulating the immune system and advancing self-tolerance. Its ligand programmed cell death ligand 1 (PDL1) is overexpressed on the surface of malignant tumor cells, where it binds to PD1, inhibits the proliferation of PD1-positive cells, and participates in the immune evasion of tumors leading to treatment failure. The PD1/PDL1-based pathway is of great value in immunotherapy of cancer and has become an important immune checkpoint in recent years, so understanding the mechanism of PD1/PDL1 action is of great significance for combined immunotherapy and patient prognosis. The inhibitors of PD1/PDL1 have shown clinical efficacy in many tumors, for example, blockade of PD1 or PDL1 with specific antibodies enhances T cell responses and mediates antitumor activity. However, some patients are prone to develop drug resistance, resulting in poor treatment outcomes, which is rooted in the insensitivity of patients to targeted inhibitors. In this paper, we reviewed the mechanism and application of PD1/PDL1 checkpoint inhibitors in tumor immunotherapy. We hope that in the future, promising combination therapy regimens can be developed to allow immunotherapeutic tools to play an important role in tumor treatment. We also discuss the safety issues of immunotherapy and further reflect on the effectiveness of the treatment and the side effects it brings.
Keywords: PD-1 inhibitor, PD-L1 inhibitor, biomarkers, immune checkpoint, tumor immune escape, immune-related toxicity, immunotherapy
INTRODUCTION
Through the process of tumor immune editing, tumor cells acquire multiple methods of evading host immunity in the tumor microenvironment (TME) (Dunn et al., 2002). Studies on tumor immune escape have shown that PD1/PDL1-mediated immune checkpoint in TME is an important component of the tumor immune escape mechanism (Inaguma et al., 2018; Prestipino and Zeiser, 2019; Zhang et al., 2020). Early preclinical evidence suggests that activation of PD1/PDL1 signaling pathway may be the mechanism by which tumors escape the antigen-specific T cell immune response (Dong et al., 2002; Iwai et al., 2002). PD1 on immune cells interacts with PDL1 on tumor cells can protect tumor cells from killing by immune cells (Carlomagno et al., 2017; Wang et al., 2018a; Takeuchi et al., 2020). PD1 was first described in the early 1990s as it is expressed in the course of inducing apoptosis in T cell hybridoma (Ishida et al., 1992; Agata et al., 1996). As research progressed, PD1 was found to be taken part in the negative regulation of apoptotic T cell-mediated immunological reaction through binding to PD-L1 (Nishimura et al., 1999; Greenwald et al., 2005). Studies have shown that immunotherapy is effective in treating melanoma and renal cell carcinoma, etc. (Siegel et al., 2017; Sanmamed et al., 2018; Yu et al., 2019). Recent years, checkpoint inhibitors targeting the PD1/PDL1 or Cytotoxic T lymphocyte associated protein 4 (CTLA-4) pathways have shown great success, and driven the development of immunotherapy (Lesokhin et al., 2015; Sharma et al., 2015; Shin and Ribas, 2015; Topalian et al., 2015; Søndergaard et al., 2018). The anti-CTLA-4 antibody ipilimumab has shown durable anti-tumor activity and prolonged survival in patients with advanced melanoma, but is prone to immune-related adverse events (IAEs) (Buchbinder et al., 2016). PD1/PDL1 inhibitors are promising immunotherapeutic agents that can achieve satisfactory efficacy for different tumor types, different treatment routes, different drug combinations and different treatment regimens (Chen et al., 2021). The incidence of PD1/PDL1 inhibitor-mediated IAEs was significantly lower compared to CTLA-4 blockade (Ott et al., 2013). Study shows that PD-1 pathway blockade is more efficient than CTLA-4 blockade in advanced melanoma (Farolfi et al., 2012).
BIOLOGICAL FUNCTION OF PD1/PDL1 IN TUMOR IMMUNITY
PD1 is a checkpoint protein and a composition of the CD28 family. It pertains to a group of suppressor T-cell receptors that was not expressed by T cells alone, but was upregulated by antigen stimulation and cytokines caused by T cell excitation (Kinter et al., 2008; Kulpa et al., 2013). PD1 is also expressed by B cells, monocytes, and dendritic cells (DCs)( Keir et al., 2008), and regulates various aspects of its immune function (Thibult et al., 2013; Roy et al., 2015). PDL1 is a type 1 transmembrane glycoprotein of the B7 ligand family. Which is not only expressed on activated T cells and B cells but also on some non-hematopoietic cells (Zou et al., 2016). It is in a favorable position to regulate T cell function in DCs and other antigen-presenting cells (APCs). T cells recognize tumor cells in the human body and kill them, but when tumor cells recognize PD1 protein on T cells, the tumor cells will upregulate the PDL1 protein and PD1 binds to PDL1 leading to apoptosis of the T cells (Li et al., 2015; Topalian et al., 2016; Tremblay et al., 2018; Li et al., 2020).
PDL1 on the surface of tumor cells can be upregulated by interferon gamma (IFN-γ) produced by activated T cells (Tang et al., 2018). PD1/PDL1 signal transduction pathway is a vital component of tumor immunosuppression, which can inhibit the excitation of T lymphocytes and strengthen the tumor cellular immune tolerance, so as to achieve tumor immune escape (Iwai et al., 2017). In summary, PD1 binds to PDL1 can diminish T cell-mediated immune surveillance, resulting in an absence of immunoreaction and even to apoptosis of T cells. It also inhibits tumor-infiltrating CD4+/CD8+ T cells (CD4+/CD8+ TILs) and leads to a decrease in cytokines including tumor necrosis factor (TNF), IFN-γ and Interleucina-2 (IL-2), so as to provide a way for cancer cells to escape the immunoreaction (Francisco et al., 2010; Daassi et al., 2020). PD1/PDL1 inhibiters unblock the immune suppression of anti-tumor T cells (Figure 1), which results in T cell multiplication and permeation into the TME and inducing an anti-tumor response (Kuzume et al., 2020). Existing anti-PD1/PDL1 therapy interdicts the combination between PD1 and PDL1, and effectively activates depleted immune cells and triggers an anti-tumor immune response (Ribas et al., 2018; Seidel et al., 2018; Liang et al., 2021).
[image: Figure 1]FIGURE 1 | PD1/PDL1 inhibitors in TME (Hamanishi et al., 2016).
MECHANISM OF ACTION AND TREATMENT OF PD1/PDL1 INHIBITORS
Peptides/Polysaccharides and Small Molecules Target Treatment
Recently, a great number of research has been devoted to the exploitation of peptide-based inhibitors and nonpeptidic small-molecules targeting PD1/PDL1 (Akturk et al., 2018; Sasikumar et al., 2018). Furthermore, through structural modification of peptidomimetic inhibitors, small molecules can be developed. Compared to monoclonal antibodies, small-molecule drugs offer significant advantages (Zhang et al., 2020).
Peptide-Based PD1/PDL1 Inhibitors
The first inhibitor AUNP-12, which was reportedly patented in 2014 (Sasikumar et al., 2019), is a 29-amino acid branching peptide. In an animal study, tumor cell growth and metastasis were effectively inhibited by AUNP-12 with few adverse reactions. In addition to AUNP-12, other peptide-based PD1/PDL1 inhibitors also have been developed. For example, a small peptide mimicking a peptide containing 7–8 amino acids, showed the best bioactivity in mice infected with melanoma B16F10 cancer cells, reducing lung metastases by 64 percent. Another compound is a cyclopeptide derivative of 7–9 amino acids, characterized by the formation of a circular structure by an amide bond between the N and C ends of the amino acid residues. In Crystal Field Stabilization Energies (CFSE) detection, Sasikumar et al. found that a cyclic peptide derivative can induce the proliferation of spleen cells in mice with high expression of PDL1 in human breast MDA-MB-231 cancer cells and reduce the lung metastasis of mice with melanoma B16F10 cancer cells by 54% (Sasikumar, 2013; Sasikumar et al., 2015).
Nonpeptidic PD1/PDL1 Small-Molecule Inhibitors
The first reported small molecule inhibitor based on the PD1/PDL1 axis was a derivative of sulfamethoxine and sulfamethimazole antibiotics (Sharpe et al., 2018), which have low cytotoxicity. They can block the PD1 signaling pathway through restraining the combination of mPD1 to mPDL2 within the micromolar concentration range. Recent years, Bristol-Myers Squibb (BMS) has revealed a large number of non-peptide small molecule inhibitors targeting PD1/PDL1 pathway (Chupak et al., 2015). Among reported compounds, the representative compounds BMS-8 had IC50 value of 146 nM, and BMS-202 had IC50 value of 18 nM. Researchers investigated the mechanism of action of BMS inhibitors and demonstrated that these inhibitors induce the dimerization of PDL1, thereby suppressing the activation of PD1 (Zak et al., 2016). Holak’s team showed that some BMS compounds have structures that bind directly to PD-L1. More importantly, the combination between PD1 and PDL1 was blocked by inducing and stabilizing the formation of PD1/PDL1 homodimer under the action of compounds (Sasikumar et al., 2016). The IC50 values of representative compounds LH1306 and LH1307 were 25 and 3.0 nM, respectively. In addition, these inhibitors can interfere with interactions between PD1/PDL1 proteins and block PD1 signal transduction in co-culture experiments (Yang and Hu, 2019).
Aptamer Therapy
Aptamer-Drug Conjugates (APDCs) are a very promising platform. Studies have shown that APDC can deliver immunomodulators, restrict immunomodulatory co-stimulation to tumor regions, induce neoantigens in tumors, block depletion-induced immune checkpoints, activate functional immune cells and prolong anti-tumor immunity (Zhu and Chen, 2018). Geng et al. designed and synthesized an amphiphilic telomeric dimer, aptamer polyvalent drug conjugate (ApMDC). And described the use of ApMDC nanoparticles to enhance the antitumor reaction of α-PD1 immunotherapy with targeted chemotherapy to tumors (Geng et al., 2021). They established 4t1 (breast cancer cell) and h22 (hepatoma carcinoma cell) tumor-bearing mouse models and draw a conclusion that the increased antitumor immunity accelerated the therapeutic reaction of α-PD1. In one study, researchers developed a DNA inducer for PD1/PDL1 signaling pathway to reverse immune evasion and stimulate antitumor immunity (Prodeus et al., 2015). DNA aptamer blocks the interaction of PD1/PDL1 by specifically binding to the extracellular domain of mouse PD1. MP7 is one of the aptamers, which can inhibit the inhibition of IL-2 secretion by primary T cells mediated by PD-L1. PEGylated MP7 directly blocks PD1 binding to PDL1. The Pegylated form of MP7 is equivalent to the antagonistic PD1 antibody, and can significantly inhibit the growth of PD-L1+ colon cancer cells in vivo for it retains the ability to block the PD1/PDL1 interaction (Ellington et al., 1990; Tuerk et al., 1990; Keefe et al., 2010).
According to another study, aptPDL1 stop the combination between PD1 and PDL1 in humans. Experiments in mouse models have shown that aptPDL1 promotes lymphocyte proliferation in vitro and inhibits tumor growth in vivo without causing significant hepatorenal toxicity. Further analysis of tumors treated with aptPD-L1 revealed increased levels of invasive CD4+ and CD8+ T cells, IL-2, TNF-α, and IFN-γ(Figure 2). Chemokine receptor 3(CXCR3) expression was higher in CD8+ T cells treated with aptPD-L1 than in tumors treated with random sequence oligonucleotide (Lai et al., 2016). Researchers have developed a novel PDL1 aptamer, a short single strand of DNA that is smaller than the PDL1 antibody, which can effectively avoid the effects of glycosylation that block PD-L1 binding. The selected adapter is more possibly to be glycosylated by PDL1 as peptide antigens, which is hopeful to provide a higher effectiveness of recognition while compared with PDL1 antibodies from extracellular cells (Huang et al., 2020). Liu’s team found that in the presence of dual targets (PDL1 as a natural receptor and azide modified glycoprotein as a chemical receptor), the cyclooctyne-coupled PDL1 (D-APDL1) can be covalently coupled to the surface membrane of cancer cells through APDL1 aptamer recognition and DNA logic calculation reaction of cyclooctyne/azide biological orthogonal reaction. This in turn triggers precise and sustained T cell-mediated anti-tumor immunotherapy (Yang et al., 2021). Besides, they also found that this logical calculation could achieve long-term retention in the tumor by inducing covalent coupling of the PDL1 aptamer on the tumor cell surface, thus providing effective and precise checkpoint-blocking immunotherapy.
[image: Figure 2]FIGURE 2 | APTPD-L1 can inhibit the PD1/PDL1 interaction and weaken the inhibition of T cells (Lai et al., 2016).
Antibody Therapy
Antibody-based inhibitors of PD1/PDL1 induce persistent tumor remission in various kinds of advanced cancer patients, making inhibition of the PD1/PDL1 signaling pathway clinically important in the treatment of tumors. So far, Food and Drug Administration (FDA) has approved six monoclonal antibodies targeting PD1 (nivolumab, pembrolizumab, and cemiplimab) or PDL1 (atezolizumab, Durvalumab and avelumab) for the treatment of hematological and solid malignancies. (Tan et al., 2016; Chen et al., 2021). Monoclonal antibodies (mAb), known as checkpoint inhibitors, overcome the shortcomings of traditional anticancer therapies and inhibit the PD1/PDL1 mutual effect. Using in vivo and in vitro studies, Lussier et al. have found that T cell function can be enhanced by blocking PD1 with antibodies (Lussier et al., 2015). Within tolerable limits, monoclonal antibodies can significantly reduce toxicity, reduce solid tumor size, inhibit advanced tumors and metastases, and improve overall survival in patients. Nivolumab and pembrolizumab have been given permission for the therapy of terminal melanoma, non-small cell lung cancer (NSCLC) and renal cell carcinoma (RCC) by targeting PD1 and blocking its interaction with PDL1 and PDL2 (Hughes et al., 2016; Arranz-Nicolás et al., 2021). Phase I clinical trials of pembrolizumab or atezolizumab in patients with mTNBC showed promising results, with objective response rates (ORR) of 18.5 and 33%, respectively (Hwang et al., 2019). However, due to its long half-life and binding time with the target, it is easy to result in severe immune-related adverse reactions. Besides, mAb drugs are expensive, complex to produce, and difficult to store and transport. Therefore, how to use the PD1/PDL1 signaling pathway to develop simple and efficient non-monoclonal antibody treatment strategy is the focus of our current work (Pan et al., 2021).
Combination Therapy
In a study, the researchers used an immune rejection phenotype in a mouse model to discover that therapeutic application of TGF-β blocking antibodies in combination with anti-PDL1 reduces stromal TGF-β signaling, promotes T cell infiltration into tumor centers and stimulated powerful anti-tumor immunity ultimately leading to tumor extinction (Mariathasan et al., 2018). The addition of the anti-PD-L1 drug atezolizumab to NAB-paclitaxel chemotherapy has been shown to significantly improve PD-L1-positive (PD-L1+) metastases and improve overall survival (OS) in patients with advanced TNBC(Schmid et al., 2018). Combined use of CDK4/6 and PD-L1 inhibitors significantly increased the survival rate of mouse xenograft models (Zhang et al., 2015). It has been reported that combining PD1/PDL1 inhibitors with PARP inhibitors is hopeful to remarkably improve the overall efficacy of TNBC. Mechanistically, PARPI inactivates GSK3β, thereby enhancing PARPI-mediated upregulation of PDL1 and reducing the efficacy of PARPI through cancer-associated immunosuppression. Blocking PD-L1 can restore the weakened anti-tumor immune function and enhance the antitumor effect of PARPI.
When anti-PD1/PDL1 antibody (anti-PD1/PDL1) and anti-CTLA4 antibody (anti-CTLA4) are administered alone, their effectiveness is only 20–25% at most. When combined, the yield of anti-PD1/PDL1 and anti-CTLA4 could reach 60% (Wei et al., 2018). The combination of antibodies blocking PD1 and agonistic antibodies triggering the costimulatory receptor glucocorticoid induced tumor necrosis factor receptor (GITR) may further improve the therapeutic effect (Wang et al., 2018b). Using the mouse colon cancer cell line MC38, Wang et al. found that anti-PD-1+ anti GITR had a significantly stronger anti-tumor effect in mice than either antibody alone. The synergistic effect of anti-PD-1+ and anti-GITR depends on CD8+ T cells, which can directly kill cancer cells and are adept at recruiting other tumor oncogenic immune cells from tumor (Wei et al., 2018). Wang et al. used gemcitabine (GEM) and PD1/PDL1 checkpoint inhibitor to form reactive oxygen species reactive scaffold in situ for combination treatment. They found that aPDL1-GEM scaffold induced an immunogenic tumor phenotype in mice bearing tumor, promoted immune-mediated tumor regression, and prevented tumor recurrence after primary resection (Wang et al., 2018c). Gao et al. treated a mouse tumor model with an anti-PD1 antibody and an HDAC2 inhibitor. The combination of HDAC2 inhibitors and anti-PD1 antibodies obviously slowed tumor growth and improved survival compared to the anti-PD1 treatment group (Gao et al., 2020).
Mechanism of Drug Resistance in PD1/PDL1 Inhibitor Therapy
Although immune checkpoint blocking therapy has achieved great success in clinic, the response rate of immunotherapy is still low (Spranger et al., 2015; O'Donnell et al., 2017). Research has suggested that only 10–30% of the patients can produce long-term and sustained efficacy after receiving PD1/PDL1 inhibitors. The majority of patients have no obvious response to the treatment or will remain resistant to it (Andrews et al., 2019). The development of PD1/PDL1 antibody resistance involves many tumor-related processes, including PD-L1 expression, tumor neoantigen expression and delivery, related cellular signaling pathways, tumor microenvironment, and epigenetic modifications. The lack of tumor antigens causes T cells to fail to recognize PD1/PDL1 antibodies, leading to drug resistance. In addition, molecules that process and deliver antigens, such as MHC class I molecules and β2 microglobulin, can also lead to resistance to immune checkpoint inhibitors (ICIs) when their genetic code is altered (D'Ursoet al., 1991; Restifo et al., 1996; Sucker et al., 2014). Aberrant cell signaling is also a factor contributing to immunotherapy resistance, such as the PI3K/Akt pathway, Wnt/β-linked protein pathway, JAK/STAT/IFN-γ pathway, and mitogen-activated protein kinase (MAPK) pathway (Munn and Mellor, 2013; Lin and Zhao, 2015).
Immune-Related Adverse Events
Despite the promising efficacy of immune checkpoint inhibitors, the majority of treated patients have had immune-related adverse events (IAEs) to varying degrees (Reynolds et al., 2021). Commonly reported IAEs include rash or pruritus, gastrointestinal disorders, and endocrine disorders (Farolfi et al., 2012; Robert et al., 2015). Among these, cardiovascular toxicity is particularly severe. In recent years, reports of myocarditis associated with ICIs have increased (Moslehi et al., 2018). Myocarditis associated with ICIs often manifests as arrhythmias and can coexist with myocarditis and myasthenia gravis, with severe disease and poor prognosis (Hu et al., 2019). There is evidence that redox mechanisms are the main mechanism responsible for cardiotoxicity (Tocchetti et al., 2019). It has been shown that ICI treatment group had a higher incidence of cardiovascular adverse reactions than the non-ICI treatment group, and the incidence of cardiovascular adverse reactions was higher in patients treated with the combination of ICI + ICI than with ICI monotherapy. CTLA-4 is prone to immune-related adverse reactions such as rash, diarrhea, colitis, hepatotoxicity and endocrine disorders (Hodi et al., 2010; Gangadhar et al., 2014), as well as cardiotoxicity including pericarditis and myocarditis (Geisler et al., 2015; Heinzerling et al., 2016). As for PD1/PDL1 inhibitors, myocarditis has been reported after treatment with nivolumab (Honton et al., 2014) or pembrolizumab (Läubli et al., 2015). Wang et al. found significantly higher rates of colitis and diarrhea after receiving the combination of ipilimumab and PD1/PDL1 inhibitors than with a single agent (Wang et al., 2017).
CONCLUSION AND PROSPECT
Over the past 20 years since the discovery of PD1, numerous experimental studies have proved the clinical efficacy of PD1 blockers in a wide range of solid and hematologic malignancies, offering promising prospects for cancer patients (Errico, 2015). In addition, reports based on the clinical application of PD1 inhibitors have elucidated the mechanism of tumor immune escape and confirmed the general significance of tumor immune monitoring and tumor immune editing (Burnet, 1967; Schreiber et al., 2011). Nevertheless, there is still a need for a large number of basic and exploratory studies on the prediction of tumor biomarkers, as well as the efficacy of drug therapy and adverse drug reactions. However, this does not prevent PD1/PDL1 from being a key area of research. For the reason that PD1/PDL1 plays a crucial role in most cancers, the development of immunotherapy with blocking agents will undoubtedly be a huge opportunity and challenge. Due to the occurrence of drug resistance, the efficacy of immunosuppressive therapy is poor. We hope that future studies can minimize drug resistance, reduce the occurrence of immune-related adverse events and improve the efficacy of immunotherapy. We believe that as research progresses, personalized immunotherapy will be further developed in the clinic to bring hope to cancer patients.
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The progression of autoimmune diseases is affected by the differential expression of circular RNAs (circRNAs). However, in the plasma from rheumatoid arthritis (RA), circRNAs have an uncertain role. Herein, microarray analysis was used to determine the plasma expression profile of circRNAs from new-onset patients with RA and healthy controls (HCs). CircRNA expression was verified using quantitative real-time reverse transcription PCR. The correlation between clinical variables and circRNA expression was assessed using Spearman’s correlation test. The diagnostic value of plasma circRNAs was evaluated using receiver operating characteristic (ROC) curves. Circ_0005008 and circ_0005198 were confirmed to be elevated significantly in plasma samples from new-onset patients with RA compared with those from HCs and from patients with systemic lupus erythematosus. Among these new-onset patients with RA, we found that the levels of circ_0005008 and circ_0005198 correlated positively with the severity of disease, including the rheumatoid factor, C-reactive protein, the erythrocyte sedimentation rate, and the disease activity score in 28 joints (DAS28). However, their expression levels did not correlate with anti-cyclic citrullinated peptide antibodies. Analysis using ROC curves implied that circ_0005008 and circ_0005198 have significant value in the diagnosis of RA. In addition, we found that compared with that in osteoarthritis fibroblast-like synoviocytes (OA-FLSs), circ_0005198 expression was enhanced in RA-FLSs and correlated positively with DAS28. The level of the miRNA target of circ_0005198, miR-4778-3p, was identified as significantly decreased in RA-FLSs, and the expression levels of circ_0005198 and miR-4778-3p correlated significantly and negatively. The results suggested that in new-onset patients with RA, plasma circ_0005008 and circ_0005198 levels are associated with disease activity and represent possible RA biomarkers.
Keywords: rheumatoid arthritis, circular RNAs, microarray assay, fibroblast-like synoviocytes, biomarker
INTRODUCTION
The hallmarks of the chronic systemic autoimmune disease, rheumatoid arthritis (RA), are joint destruction, synovitis, and the manifestation of systemic immunity and inflammation. Although patients with RA can experience improved treatment and survival, the majority continue to suffer from long-term joint damage, severe illness, and lifelong disability (Boutet et al., 2021). Early diagnosis and appropriate treatment are considered to contribute to the prevention of serious disease symptoms in patients with RA. However, the specific mechanisms causing RA development and progression are not clear (Chen et al., 2016).
The recently discovered noncoding RNAs, circular RNAs (circRNAs), mainly comprise exon-derived transcripts that are produced via non-colinear reverse splicing. CircRNAs are expressed widely in various human cells and have crucial functions in post-transcriptional gene expression regulation (Capel et al., 1993; Memczak et al., 2013). Accumulating evidence indicates that in various diseases, circRNAs could be used as biomarkers for early diagnosis and prognosis prediction (Wen et al., 2020; Chen et al., 2021). Hsa_circ_0044235 levels in peripheral blood could represent a biomarker for patients with RA (Luo et al., 2018). Previously, we showed that RA might be diagnosed using the circRNA levels in peripheral blood mononuclear cells from patients (Ouyang et al., 2017). In addition, in patients with lupus nephritis, diagnosis might be achieved using plasma circRNA_002453 as a biomarker (Ouyang et al., 2018). However, we lack knowledge of levels of these circRNAs in plasma from new-onset patients with RA.
Therefore, we aimed to ascertain if plasma circRNAs have value as biomarkers in new-onset patients with RA. Investigation of the dysregulated expression levels of circRNAs and their mechanisms in RA might lead to a deeper understanding of the development of RA and the identification of new therapeutic strategies.
MATERIALS AND METHODS
Characteristics of the Patients
In this study, we recruited 121 participants, comprising 49 patients with RA, 25 patients with systemic lupus erythematosus (SLE), 40 healthy controls (HCs), and seven patients with osteoarthritis (OA). Diagnosis of OA, SLE, and RA were carried out at the Department of Rheumatology and Immunology at Nanfang Hospital of the Southern Medical University from 2015 to 2017. The recruited HCs comprised sex and aged-matched healthy people who received regular physical examinations at the Department of Health at the above hospital. All participants satisfied the criteria from the American College of Rheumatology for the classification of RA (Aletaha et al., 2010), OA (Altman et al., 1986), or SLE (Aringer et al., 2019). During total hip replacement surgery (carried out at the Department of Orthopedic Surgery, Nanfang Hospital, Southern Medical University, Guangzhou, China), nine RA synovial tissues and seven OA synovial tissues were sampled from patients with end-stage symptomatic hip RA or OA. New-onset patients with RA or SLE who provided the plasma sample suffering from diabetes mellitus or malignancies, or diagnosed to have overlapping syndromes (i.e., coexisting connective tissue diseases, including scleroderma or Sjogren’s syndrome), or with serious liver or kidney diseases, or receiving any type of nonsteroidal anti-inflammatory drug, DMARD, glucocorticoid, immunesuppressor, or biological agent were not included in this study. The DAS28 scores were defined as follows: remission (score <2.6), low/moderate disease activity (score 2.6 to ≤5.1) and very active disease (score >5.1) (Singh et al., 2016). The ethics committee of Nanfang Hospital of Southern Medical University approved the study protocols (NO. NFEC-2015-102 and NFEC-20120201). All participants provided written informed consent.
Total RNA Extraction From Prepared Plasma
Blood samples (approximately 8 ml) were collected into tubes treated with EDTA. To collect the plasma, the blood samples were centrifuged immediately at 3,000 × g at 4°C for 15 min. The plasma was placed at −80°C until further use. Plasma (200 μl) was subjected to total RNA isolation using an miRNeasy Serum/Plasma Kit (Qiagen, Hilden, Germany) following the manufacturer’s protocol. The TRIzol reagent (Takara, Shiga, Japan) was used to acquire total RNA from cultured cells following the manufacturer’s guidelines.
Microarray Hybridization
Following the manufacturer’s protocols (Arraystar Inc., Rockville, MD, United States), the samples were labeled and hybridized to the microarray. In brief, RNase R (Epicentre Inc., Madison, WI, United States) digestion of the total RNA was used to enrich circRNAs by removing linear RNAs. In the Arraystar Super RNA Labeling Kit, a random priming method was used to amplify and transcribe the enriched circRNAs into fluorescently-labeled circRNAs. Then, the labeled circRNAs were hybridized to the Arraystar Human circRNA Microarray version 2.0 (8 × 15 K). The slides were washed, and then an Agilent G2505C Scanner (Agilent, Santa Clara, CA, United States) was used to scan the arrays. The acquired array images were analyzed using Agilent Feature Extraction software (version 11.0.1.1). The R software package (R version 3.1.2) was then used for quantile normalization and subsequent data processing. KangChen Bio-tech (Shanghai, People’s Republic of China) carried out the microarray experiment.
Quantitative Real-Time Reverse Transcription PCR Analysis
The prepared total RNA was subjected to reverse transcription to produce cDNA. Subsequently, the cDNA was used as the template in the qPCR step, which used SYBR Premix DimerEraser (Takara) in an ABI7500 system (Applied Biosystems, Foster City, CA, United States). For the circRNAs, the internal control was ACTB (encoding β-actin) and for the miRNAs, the internal control was U6. The primers used for qRT-PCR are shown in Supplementary Table S1. The 2-ΔΔCt method (Livak and Schmittgen, 2001) was used to analyze the data, which are reported as relative expression levels from three independent experiments.
Culture of Fibroblast-Like Synoviocytes
Human synovial tissue specimens were used to isolate FLSs, which were cultured using Dulbecco’s modified Eagle’s medium (DMEM) (Thermo Fisher Scientific, Inc., Waltham, MA, United States) containing 10% fetal bovine serum (FBS) (Gibco BRL, Grand Island, NY, United States). Three to five passages of FLSs were performed before they were used. Vimentin immunofluorescence staining was used to confirm that the RA-FLSs were a homogenous population with a purity >98% (Supplementary Figure S1).
Immunofluorescent Staining
4% paraformaldehyde was used to fix the RA-FLSs for 20 min, and then 0.2% Triton X-100 was used to permeabilize them at room temperature for 5 min. After washing, 10% normal goat serum (BioSS, Beijing, China) was added to block the cells at room temperature for 1 h. The cells were then incubated overnight at 4°C with antibodies against vimentin (1:100). After three washes with phosphate buffered saline, the cells were incubated at room temperature for 1 h with goat anti-rabbit IgG/Alexa Fluor 647 antibodies (1:200). 4′,6-diamidino-2-phenylindole (DAPI) was used to counterstain the nuclei. A Leica TCS SP2 AOBS confocal microscope (Leica Microsystems, Wetzlar, Germany) was then used to acquire images.
Statistical Analysis
Student’s t-test or the Mann-Whitney test, as appropriate, were used to evaluate the statistical significance among the groups. Spearman’s rank correlation was used to analyze the associations between parameters. To assess the diagnostic utility of dysregulated plasma circRNAs from patients with RA compared with those in the controls (HCs and patients with SLE), we created receiver operating characteristic (ROC) curves. p < 0.05 was accepted to indicate statistical significance. SPSS version 16.0 (IBM Corp. Armonk, NY, United States) was used to carry out all the statistical analyses.
RESULTS
Screening of the Abnormal Expression CircRNAs in Plasma From New-Onset Patients With RA and HCs
Table 1 shows the characteristics of the study participants at baseline. Plasma circRNAs from five new-onset patients with RA and five age- and sex-matched HCs were subjected to microarray analysis using the Arraystar Human circRNA Microarray version 2.0 to identify those circRNAs that are differentially expressed in RA. The raw data were normalized, followed by screening using the criteria of log2 fold-changes greater than 5 and p < 0.05, which identified 10 circRNAs that were significantly differentially expressed (see Figure 1 for the cluster analysis results). Compared with their expression levels in HCs, 10 circRNAs were all upregulated in new-onset patients with RA (Table 2).
TABLE 1 | Clinical features and laboratory information of the participants.
[image: Table 1][image: Figure 1]FIGURE 1 | Cluster analysis of the comparison of 10 circRNAs that showed differential expression in 5 new-onset patients with RA compared with their expression levels in 5 HCs. Each row represents an different gene; each column represents an individual sample. “Red” marks high relative expression and “green” marks low relative expression (readers are referred to the web version of this article to see the interpretation of the colors in this figure).
TABLE 2 | Differentially expressed circRNAs in plasma from new-onset patients with RA and healthy controls.
[image: Table 2]CircRNAs Expression Validation Using qRT-PCR
Seven circRNAs that were upregulated and dysregulated according to their p values (<0.05), fold changes (>5), and raw intensities (>100) (circ_0001568, circ_0023990, circ_0005008, circ_0000407, circ_0005198, circ_0034642, and circ_0027089) were selected to validate the microarray expression data. An independent set of plasma samples from new-onset patients with RA and HCs (n = 40 for both) were subjected to qRT-PCR of the seven candidate circRNAs. The results showed significantly upregulated expression in plasma of circ_0005008 and circ_0005198 in new-onset patients with RA compared with that in HCs (Figures 2A,B), but no significant difference for circ_0027089 (Figure 2C). Circ_0001568 and circ_0034642 expression was only observed in a few participants. Circ_0000407 and circ_0015278 expression was not observed in new-onset patients with RA or HC plasma. Interestingly, the plasma expression of circ_0005198 was increased significantly in new-onset patients with RA compared with that in new-onset patients with SLE (Figure 2B). However, no expression of circ_0005008 was observed in the plasma from new-onset patients with SLE (Figure 2A).
[image: Figure 2]FIGURE 2 | qRT-PCR determination of the relative circRNA expression levels in plasma from 40 new-onset patients with RA, 40 healthy controls, and 25 new-onset patients with SLE. (A): The circ_0005008 levels in plasma from new-onset patients with RA were significantly higher than those in healthy controls, and it was not expressed in the plasma of patients with SLE; (B): The circ_0005198 levels in plasma from new-onset patients with RA were significantly higher than those in healthy controls and patients with SLE; (C): The circ_0027089 levels in plasma were not significantly different among new-onset patients with RA and healthy controls.
Testing Plasma circ_0005008 and circ_0005198 Levels and Clinical Variables in New-Onset Patients With RA Using Spearman’s Correlation
To determine the possibility of using the plasma expression levels of circ_0005008 and circ_0005198 in new-onset patients with RA as biomarkers for RA disease activity, Spearman’s correlation test was used to investigate the correlations between RA-associated clinical variables and circ_0005008 and circ_0005198 plasma expression levels from new-onset patients with RA. The plasma levels of circ_0005008 and circ_0005198 in new-onset patients with RA both showed positive correlations with the disease activity score in 28 joints (DAS28) (r = 0.699, p < 0.001; r = 0.512, p = 0.001), the erythrocyte sedimentation rate (ESR) (r = 0.595, p < 0.001; r = 0.519, p = 0.001), C-reactive protein (CRP) (r = 0.473, p = 0.002; r = 0.434, p = 0.005), and rheumatoid factor (RF) (r = 0.397, p = 0.011; r = 0.469, p = 0.002), respectively, all of which are indicators of disease severity. However, the expression levels of these circRNAs showed no correlation with anti-cyclic citrullinated peptide antibodies (anti-CCP) (r = 0.009, p = 0.955; r = 0.114, p = 0.458) (Figures 3A–J). In addition, we found that compared to low/moderate DAS28 group, the expression of circ_0005008 and circ_0005198 were significantly increased in high DAS28 group (Figures 3K,L).
[image: Figure 3]FIGURE 3 | Correlations between plasma circRNA_005008 and clinical variables in new-onset patients with RA (Spearman’s rank correlation coefficients). (A–D) The circ_0005008 levels in plasma from new-onset patients with RA correlated positively with DAS28, ESR, CRP, and RF. (E): The circ_0005008 levels in plasma from new-onset patients with RA showed no correlation with anti-CCP. (F–I): The plasma level of circ_0005198 in new-onset patients with RA correlated positively with DAS28, ESR, CRP, and RF. (J): The circ_0005198 levels in plasma from new-onset patients with RA showed no correlation with anti-CCP. (K,L): The circ_0005008 and circ_0005198 levels in low/moderate DAS28 group (score 2.6 to ≤5.1) were significantly lower than that in high DAS28 group (score >5.1).
ROC Curve Analysis of Circ_0005008 and Circ_0005198 Levels in Plasma From New-Onset Patients With RA
To additionally test the potential validity of circ_0005008 and circ_0005198 as diagnostic biomarkers of RA, ROC curve analysis was applied. When distinguishing new-onset patients with RA from controls (patients with SLE and HCs), the areas under the ROC curve (AUCs) for circ_0005008 and circ_0005198 were 0.829 and 0.783, respectively. The optimal cut-off value for circ_0005008 and circ_0005198 were 1.457 and 2.454, respectively. The diagnostic sensitivities were 0.950 for circ_0005008 and 0.550 for circ_0005198, and their specificities were 0.600 and 0.908, respectively. The positive predictive values (PPV) for circ_0005008 and circ_0005198 were 0.594 and 0.876, and their negative predictive values (NPV) were 0.951 and 0.766 (Figure 4).
[image: Figure 4]FIGURE 4 | ROC curves for plasma circ_0005008 and circ_0005198 in patients with RA. The AUC of plasma circ_0005008 was 0.829 (95% CI 0.754–0.904, p < 0.001) and 0.783 (95% CI 0.690–0.875, p < 0.001).
Circ_0005198 and miR-4778-3p Expression Levels Correlated Negatively in RA-FLSs
Circ_0005198 expression was upregulated significantly in RA-FLSs compared with that in OA-FLSs (Figure 5A), and its expression level correlated positively with the DAS28 (Figure 5B). However, the expression level of circ_0005008 was not detectable in RA-FLSs. To determine the potential functions of circ_0005198, Arraystar’s miRNA target prediction software was used to align the microRNA response elements (MREs) of differentially expressed circRNAs with miRNAs to predict their target miRNAs. Five potential miRNA targets (miR-4459; miR-450b-5p; miR-4254; miR-4778-3p; and miR-1237-3p) were identified for circ_0005198. However, we observed no significant differences in the levels of miR-4459 and miR-1237-3p between RA-FLSs and OA-FLSs (Figures 5C,D); however, in RA-FLSs, the level of miR-4778-3p decreased significantly compared with that in OA-FLSs (Figure 5E). In addition, the expression levels of circ_0005198 and miR-4778-3p correlated significantly and negatively (Figure 5F), suggesting that circ_0005198 might exert its function in RA-FLSs by interacting with miR-4778-3p. However, the levels of miR-450b-5p and miR-4254 in RA-FLSs were not detectable.
[image: Figure 5]FIGURE 5 | qRT-PCR determination of the relative circ_0005198 expression and its potential target miRNAs in RA-FLSs and OA-FLSs. (A): The level of circ_0005198 in OA-FLSs was significantly lower than that in RA-FLSs; (B): The level of circ_0005198 in RA-FLSs correlated with DAS28; (C,D): The level of miR-4459 and miR-1237-3p were not significantly different among RA-FLSs and OA-FLSs; (E): The RA-FLSs level of miR-4778-3p was decreased significantly compared with its OA-FLSs level; (F): The level of circ_0005198 in RA-FLSs correlated negatively with the level of miR-4778-3p.
DISCUSSION
Recent studies have shown that abnormal expression of circRNAs could be used as novel biomarkers for several autoimmune disease, such as RA (Luo et al., 2018) and SLE (Guo et al., 2019). Our previous study showed that the plasma level of circRNA_002453 could be used as a novel biomarker to diagnose lupus nephritis (Ouyang et al., 2018) and the circRNAs present in patients with RA’s peripheral blood mononuclear cells might be used as novel biomarkers for RA (Ouyang et al., 2017). However, the role of circRNAs in plasma from new-onset patients with RA is unclear. In the present study, microarray analysis was performed to compare the expression profiles of plasma circRNAs from new-onset patients with RA and those from HCs, which identified dysregulated (significantly differentially expressed) circRNAs. Thus, the results of our study might provide useful data for the pathophysiological research into RA and could answer the question as to whether plasma levels of circRNAs have utility as non-invasive biomarkers to diagnose RA.
In the present study, circRNA microarray profiling followed by qRT-PCR validation identified significantly higher expression levels of circ_0005008 and circ_0005198 in new-onset patients with RA than in HCs and new-onset patients with SLE. This indicated that plasma circ_0005008 and circ_0005198 might function in RA pathogenesis. In addition, the plasma expression levels of circ_0005008 and circ_0005198 in new-onset patients with RA both correlated with DAS28, ESR, CRP, and RF, which reflect the severity of disease activity (Atzeni et al., 2017; Zhang et al., 2018). Thus, plasma levels of circ_0005008 and circ_0005198 might serve as biomarkers for RA systemic inflammation and disease severity. Notably, their expression levels did not correlate with anti-CCP, which reflects the prognosis of patients with RA (Atzeni et al., 2017), indicating that plasma circ_0005008 and circ_0005198 are not potential biomarkers for patient prognosis. Moreover, the plasma levels of circ_0005008 and circ_0005198 had AUCs of 0.829 and 0.783 to discriminate new-onset patients with RA from controls (HCs and patients with SLE) and showed high specificity and sensitivity, which indicated that they have good potential as RA diagnostic biomarkers.
To further explore the role of circ_0005008 and circ_0005198 in the pathogenesis of RA, we demonstrated that the expression of circ_0005198 was significantly upregulated in RA-FLSs compared with that in OA-FLSs, and its expression level correlated positively with the DAS28. However, the expression level of circ_0005008 was not detectable in RA-FLSs. This result indicated that plasma circ_0005198 might function in RA-FLSs. Evidence has shown that circRNAs exert their biological roles by targeting and binding to miRNAs, acting as miRNA sponges (Jeck and Sharpless, 2014). Therefore, bioinformatic analysis was employed to predict the potential target miRNAs. For circ_0005198, five putative miRNAs targets (miR-4459, miR-450b-5p, miR-4254, miR-4778-3p, and miR-1237-3p) were identified. We found that the miR-4778-3p expression level was significantly lower in RA-FLSs than that in OA-FLSs, and correlated significantly and negatively with the expression level of circ_0005198. This suggested that circ_0005198 might exert its function in RA-FLSs via an interaction with miR-4778-3p. A previous study showed that miR-4778-3p could reduce the migration, proliferation, and vitality of radioresistant cervical cancer cells (Zhang et al., 2019). Therefore, we hypothesized that circ_0005198 might affect the development of RA by inhibiting the protective effect of miR-4778-3p in RA-FLSs.
However, the present study had certain limitations. First, the sample size was relatively small; therefore, these results should be validated in a larger sample and in different populations (ethnicities and regions). Second, to determine whether circ_0005008 and circ_0005198 could be diagnostic biomarkers, they should be assessed for their ability to distinguish effectively RA from other rheumatic diseases characterized by joint damage, for example ankylosing spondylitis and OA. Third, the function of circ_0005198 in RA pathogenesis was not assessed; therefore, further experiments should be performed to test the causal association between aberrant circ_0005198 expression and RA.
CONCLUSION
The present study identified dysregulated plasma circRNAs between new-onset patients with RA and HCs. These results will improve our understanding of the functions of circRNAs in RA. Furthermore, plasma circ_0005008 and circ_0005198 were identified as potential biomarkers of disease activity in new-onset patients with RA and might also have value in RA diagnosis. Mechanistically, in the development of RA, circ_0005198 might inhibit the protective effect of miR-4778-3p in RA-FLSs (Figure 6). These results have possible clinical applicability, and further detailed study of the biological functions and molecular mechanisms of circRNAs is warranted.
[image: Figure 6]FIGURE 6 | A workflow of how plasma circ_0005008 and circ_0005198 in new-onset patients with RA might serve as potential biomarkers for disease severity and diagnosis, and how circ_0005198 might function in RA-FLSs via its interaction with miR-4778-3p.
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Acute lung injury (ALI) is a respiratory disease that leads to death in severe cases. Hordenine (Hor), a barley-derived natural product, has various biological activities, including anti-inflammatory, and anti-oxidation activities. We investigated the effect of Hor on lipopolysaccharide-induced ALI and its potential mechanism. The anti-inflammatory effects of Hor were detected using in vivo and in vitro models by enzyme-linked immunosorbent assay, real-time polymerase chain reaction, western blotting, and molecular docking simulations. Hor inhibited increases in the levels of inflammatory factors both in vivo and in vitro, and its anti-inflammatory effect inhibited activation of protein kinase B, nuclear factor-κB, and mitogen-activated protein kinase signaling. Hor alleviated lipopolysaccharide-induced ALI by inhibiting inflammatory cytokine increases in vivo and in vitro and shows potential for preventing inflammatory disease.
Keywords: acute lung injury, hordenine, lipopolysaccharide, protein kinase B/nuclear factor-κB, mitogen-activated protein kinase, AutoDock
INTRODUCTION
Acute lung injury (ALI) and acute respiratory distress syndrome are respiratory diseases in which the lung tissue is damaged, accompanied by a strong inflammatory response (Butt et al., 2016; Komiya et al., 2017). ALI may be caused by many different factors, including chemical stimulation, mechanical injury, and virus infection (Dushianthan et al., 2011; Butt et al., 2016). Increased capillary permeability from lung tissue edema, inflammatory cell infiltration during parenchymal organ necrosis, lung barrier destruction, microbial infection, and dyspnea caused by hypoxemia are the main characteristics of ALI (Nova et al., 2019; Mowery et al., 2020). This disease has a high mortality rate and there is no effective treatment in clinical practice; thus, effective alleviation of ALI is an urgent problem (Vlaar and Juffermans, 2013; Komiya et al., 2017).
Inflammation plays an important role in ALI (Henes et al., 2009; Vlaar and Juffermans, 2013). Macrophages in lung tissues are important in inflammation, and macrophage activation leads to the production of inflammatory mediators such as myeloperoxidase (MPO), interleukin (IL)-6, IL-1β, tumor necrosis factor (TNF)-α, inducible nitric oxide synthase (iNOS), and cyclooxygenase-2 (COX-2) (Lv et al., 2017; Hou et al., 2018). These inflammatory mediators stimulate and damage lung tissue cells, resulting in lung tissue cell necrosis, and impaired function (Zhong et al., 2013; Dias-Freitas et al., 2016; Lv et al., 2017). Therefore, effective control of inflammatory mediator levels is a potential therapeutic approach for alleviating ALI (Lv et al., 2017; Huang et al., 2019). Nuclear factor (NF)-κB and mitogen-activated protein kinase (MAPK) are two classical signaling pathways involved in inflammation; activation of NF-κB and MAPK aggravates the secretion of inflammatory mediators and then expands the promoting effect of the inflammatory response on ALI (Zhong et al., 2013; Zhang et al., 2015). Currently, NF-κB and MAPK are potential therapeutic targets for mitigating ALI (Zhong et al., 2013; Jing et al., 2015). Lipopolysaccharide (LPS) is a bacterial endotoxin; because of its strong immunogenicity, it causes the body’s immune cells to produce a strong inflammatory response (Kan et al., 2019). LPS-induced lung tissue inflammation in mice has been widely used as an ALI model (Zhong et al., 2013; Lv et al., 2017), including for screening of candidate clinical drugs for ALI disease (Seehase et al., 2012; Hou et al., 2018; Zhang et al., 2018).
In recent years, the treatment of ALI with natural products has become a new research direction (Zhong et al., 2013; He et al., 2021b). Hordenine (Hor), with the chemical name 4-(2-dimethylaminoethyl), is a natural phenolic phytochemical compound extracted from germinated barley and is found in plants such as cactus and bitter orange (Kim et al., 2013); it shows potential as a drug candidate for the treatment of inflammatory diseases (Zhou et al., 2019). Hor has been found to have anti-inflammatory effects in diabetic nephropathy (Su et al., 2018) and to be a quorum-sensing inhibitor against Pseudomonas aeruginosa and Serratia marcescens (Zhou et al., 2018; Zhou et al., 2019). However, whether Hor alleviates LPS-induced ALI is unknown. Therefore, we used an LPS-induced ALI disease model to explore the effects of Hor on LPS-induced ALI and its potential mechanisms. This study provides a theoretical basis and guidance for alleviating ALI.
MATERIALS AND METHODS
Reagents
Hor (high-performance liquid chromatography-grade ≥95%) was purchased from Shanghai Yuanye Bio-Technology Co., Ltd. (Shanghai, China). Dimethyl sulfoxide and LPS were purchased from Sigma Aldrich (St. Louis, MO, United States). Phosphate-buffered saline and 0.05% pancreatic enzyme were purchased from Solarbio Technology (Beijing, China). Penicillin and streptomycin, fetal bovine serum, and Dulbecco’s modified Eagle’s medium (DMEM) were purchased from Hyclone Laboratories (Logan, UT, United States). Primary antibodies [COX-2, iNOS, protein kinase B (AKT), p-AKT, NF-κB-p65, NF-κB-p-p65, inhibitor of NF-κB (IκB), p-IκB, p38, p-p38, c-Jun N-terminal kinase (JNK)1/2, p-JNK1/2, extracellular signal-regulated kinase (ERK)1/2, and p-ERK1/2] were purchased from Cell Signaling Technology (Danvers, MA, United States), and primary antibodies against β-actin and goat anti-mouse or goat anti-rabbit secondary antibodies were obtained from Santa Cruz Biotechnology (Dallas, TX, United States).
Drug Management
Hor powder was dissolved in dimethyl sulfoxide at a concentration of 1 g/ml and stored until use. Considering drug toxicity and the pre-experimental screening of the dose, 10 and 15 mg/kg were found to be safe for mice. So Hor at doses of 10 and 15 mg/kg was used for animal experiments, whereas 50 and 75 μg/ml Hor were used for cell experiments.
Animals
Male BALB/c mice (n = 75) aged 6–8 weeks were purchased from HFK Bioscience (Beijing, China). The mice had free access to food and water, and were subjected to a 12 h light/dark cycle. Three mice were placed in each cage. The mice were divided into five groups: no treatment group (NT), Hor, LPS, LPS + 10 mg/kg Hor, and LPS + 15 mg/kg Hor. During the experiment, all operations were strictly performed in accordance with the guidelines of the Institutional Animal Care and Use Committee of Jilin University (Changchun, China) (Permit Number: SY202106009).
Animal Treatment
The ALI mouse model was established by intranasal instillation of LPS (1.25 mg/kg soluble in 20 µL phosphate-buffered saline). Mice in the NT and LPS groups were pre-treated by an intraperitoneal injection of Hor for 1 h; the same volume of solvent was injected in the NT group. Before constructing the model, the anesthetic sodium pentobarbital (45 mg/kg) was prepared, and each mouse was injected with 100 μL of the anesthetic. After the mice were anesthetized, they were fixed in the supine position; LPS was added to one side of the nostril during the deep and fast breathing period, and then the mice were gently rotated to evenly distribute the LPS to the lungs. Lung tissue was collected at 24 h after LPS infusion for subsequent experiments.
Lung Tissue Pathological Examination
Fresh lung tissues of mice were immersed in 4% formaldehyde solution for 48 h and then dehydrated with alcohol. After soaking in paraffin, the tissues were sliced into 5-μm-thick sections and stained with hematoxylin and eosin (H and E).
Injury Score
Lung tissue injury was assessed by light microscopy and evaluated according to the size of the alveolar stromal space, inflammatory cell infiltration, hemorrhage, and edema. A score of 0 was given for no injury, one for mild injury, two for moderate injury, three for severe injury, and four for extreme injury.
Ratio of Lung Wet-Dry Weight
The fresh lung tissue was weighed and recorded. The samples were weighed and recorded after 48 h in an incubator at 65°C. Finally, the W/D weight ratio was calculated.
MPO Activity Measurement
The mouse lung tissue was collected in a 2 ml centrifuge tube and weighed. Lung tissue (1 g) was added to 4 ml 0.5% cetyltrimethylammonium chloride solution, and then placed into a grinding instrument for grinding. The supernatant was collected after centrifugation at 12,000 × g for 10 min. A total of 75 µL supernatant and 75 µL working solution were successively added to a 96-well plate and termination solution was added after incubation for 20 min. The absorbance was measured at 450 nm using a microplate analyzer (BioTek, Winooski, VT, United States).
Cell Culture and Treatment
RAW264.7 macrophage cells were purchased from China Cell Line Bank (Beijing, China) and cultured in DMEM containing 10% fetal bovine serum with 1% penicillin and streptomycin. The cells were cultured in a constant-temperature incubator at 37°C and 5% CO2. When the cells reached 80% confluence, they were treated with 0.05% trypsin and sub-cultured at a ratio of 1:3. The media were replaced with serum-free medium at 3 h before treatment to reduce mitosis. Before LPS stimulation (1 μg/ml), the cells were pre-treated with different concentrations of Hor for 1 h.
Cell Viability Assay
When the fusion density reached 80%, the cells were digested for the experiment. The Cell Counting Kit-8 (CCK8) assay was used to determine the effect of Hor on the viability of RAW264.7 cells. Different concentrations of Hor (12.5–100 μg/ml) were added to 96-well plates. After 24 h, the medium was discarded and 10 μL of CCK8 solution was added to each well. After 2 h, the absorbance was measured at 450 nm using a microplate analyzer.
Reverse Transcription-Quantitative Polymerase Chain Reaction
To extract RNA, 1 ml of TRIzol solution was added to the lung tissue or cell culture dishes after discarding the DMEM, chloroform was added after 10 min, and then the supernatant was centrifuged at 12,000 × g to obtain 300 μL supernatant. Isopropanol was added to precipitate the RNA in the supernatant. Next, 75% diethyl pyrocarbonate alcohol was added to precipitate the total RNA; RNA precipitates were added to diethyl pyrocarbonate water before concentration measurements, and the samples were stored at −80°C. RNA was reverse-transcribed into cDNA using two reverse transcription steps as described previously (Kan et al., 2019) using an RT-PCR Kit from Takara Biomedical Technology Co., Ltd. (Shiga, Japan). The primer sequences are shown in Table 1, as previously reported (Hou et al., 2018; He et al., 2021a).
TABLE 1 | Primer sequences for reverse transcription-quantitative polymerase chain reaction.
[image: Table 1]Inflammatory Cytokine Assay
One milliliter of 0.9% normal saline was injected into the lungs of mice through the bronchial tubes, and 800 μL bronchoalveolar lavage fluid (BALF) was recovered in a 1.5 ml centrifuge tube. The supernatant was collected after centrifugation at 10,000 × g for 5 min. RAW264.7 cells were pre-treated with Hor (50 and 75 μg/ml) for 1 h and stimulated with LPS (1 μg/ml) for 12 h, after which the medium was collected and centrifuged at 10,000 × g for 5 min to collect the supernatant. TNF-α, IL-6, and IL-1β protein levels were determined using an enzyme-linked immunosorbent assay kit (BioLegend, San Diego, CA, United States) according to the manufacturer’s instructions.
Western Blotting
Radioimmunoprecipitation assay buffer (Roche Diagnostics, Basel, Switzerland) was added to lyse the cells. The supernatant was centrifuged at 12,000 × g for 10 min to obtain the total protein solution. A bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Waltham, MA, United States) was used to determine the protein concentration; each 15 μL sample contained 40 μg of protein. After electrophoresis, the proteins in the gel were transferred onto polyvinylidene fluoride membranes (Millipore, Billerica, MA, United States), which were incubated with primary antibodies (1:1,000) overnight at 4°C. Secondary antibodies (1:2,000) were added to the membranes and incubated for 1 h the next day. Finally, an enhanced chemiluminescence kit (Applygen Inst. Biotech, Beijing, China) was used to detect the protein bands.
Molecular Modeling
Three-dimensional structure information for AKT protein was obtained from the Protein Data Bank. Hor information was obtained from the PubChem database and downloaded in SDF format. AutoDock tools were used to simulate the calculation of amino acid residues with hydrogen bonds between AKT and Hor. PyMOL was used to visualize the results.
Immunofluorescence Measurements
A clean sterile cover glass was evenly spread on a 24-well plate, and the cells were evenly inoculated onto the slide. Hor (75 μg/ml) was added to the medium; after 1 h, LPS (1 μg/ml) was added to the medium. After 12 h, the cells were placed on an experimental bench for immunofluorescence analysis.
The cells were fixed in 4% formaldehyde and then 0.1% Triton X-100 was added to the cell surface. The cells were blocked with 5% donkey serum for 2 h. The primary antibody (p65, 1:200) was added to the glass coverslip, and the cover glass was placed in a wet box at 4°C overnight. The next day, the fluorescent secondary antibody (1:2,000) was dripped onto the surface of the cover glass slide and the slide was incubated in the dark. After adding 4′,6-diamidino-2-phenylindole, p65 transfer into the nucleus was observed under a fluorescence microscope.
Data and Statistical Analysis
One-way analysis of variance was used to analyze the data with GraphPad Prism 8. The results are expressed as the mean ± standard deviation (SD). Adobe Photoshop CC 2017 was used for image processing. AutoDock tools-1.5.6 and PyMOL were used for molecular docking simulation. ImageJ software (NIH, Bethesda, MD, United States) was used for quantitative analysis of protein bands.
RESULTS
Hor Alleviated Lung Pathological Damage in LPS-Induced ALI
To explore whether Hor alleviated ALI, damage to the lung tissue was evaluated by H and E staining. Compared to the NT group, LPS significantly induced lung inflammatory infiltration, alveolar damage, and alveolar interstitial thickening. However, after Hor pre-treatment, these pathological symptoms were relieved; with increasing Hor concentrations, the alleviation of ALI was more significant (Figure 1).
[image: Figure 1]FIGURE 1 | Hordenine (Hor) alleviates lung pathological damage in LPS-induced acute lung injury (ALI). After intraperitoneal injection of Hor (5 and 10 mg/kg) at 1 h before modeling, an acute lung injury model was established using nasal drops. Lung tissue was collected at 24 h after LPS stimulation. Tissue sections were stained with hematoxylin and eosin (H and E). (A–E) H and E staining results of the lung tissue in mice (arrows represent the lesion area). (F) Lung histopathological injury scores. (G) Hor molecular structure. (H) Three-dimensional model of the Hor molecular structure. Results are shown as means ± SD (n = 3). #p < 0.01 vs. no treatment (NT) group; ∗∗p < 0.01 vs. LPS group. Hor: hordenine; LPS: lipopolysaccharide.
Effect of Hor on the W/D Weight Ratio of Lung Tissue in LPS-Induced ALI
LPS significantly induced pulmonary edema compared to the NT group. However, Hor pre-treatment effectively alleviated LPS-induced pulmonary edema at both the low and high concentrations (Figure 2).
[image: Figure 2]FIGURE 2 | Hordenine alleviates the wet-dry ratio weight of lung tissue in LPS-induced acute lung injury. Fresh lung tissues were collected at 24 h after the LPS challenge. Results are shown as means ± SD (n = 3). #p < 0.01 vs. no treatment (NT) group; ∗p < 0.05 vs. LPS group. Hor: hordenine; LPS: lipopolysaccharide; W/D: wet-dry.
Hor Reduced the Expression and Secretion of Inflammatory Cytokines in the Lung Tissue and BALF in an LPS-Induced Mouse Model
LPS significantly increased the protein secretion of IL-6, IL-1β, and TNF-α in the BALF and the mRNA expression levels of Il6, Il1β, Tnfa, iNOS, Cox2, and Mpo in the lung tissues. However, after Hor pre-treatment, the gene and protein levels of inflammatory mediators in the lung tissues were effectively suppressed, and Hor dose-dependently inhibited these inflammatory mediators. Based on these results, Hor alleviated ALI by inhibiting increases in inflammatory cytokine levels (Figure 3).
[image: Figure 3]FIGURE 3 | Hordenine inhibits the secretion and activation of inflammatory cytokines in LPS-induced acute lung injury. BALF and lung tissues were collected at 24 h after LPS infusion. (A–C) Levels of IL-6, IL-1β, and TNF-α in the BALF of mice. (D) MPO activity in lung tissues. (E–I) mRNA expression of inflammatory cytokines in the lung tissue of mice. Results are shown as means ± SD (n = 3). #p < 0.01 vs. no treatment (NT) group; ∗p < 0.05 vs. LPS group; ∗∗p < 0.01 vs. LPS group. Hor: hordenine; LPS: lipopolysaccharide; BALF: bronchoalveolar lavage fluid; IL-6: interleukin-6; IL-1β: interleukin-1β; TNF-α: tumor necrosis factor-α; MPO: myeloperoxidase; OD: optical density.
Effect of Hor on RAW264.7 Cell Viability
To further explore the effect of Hor on ALI, in vitro experiments were performed. Different concentrations of Hor (12.5, 25, 50, and 75 μg/ml) did not induce cytotoxicity. Additionally, LPS stimulation of the cells did not cause cytotoxicity. However, 100 μg/ml Hor stimulation induced cytotoxicity (Figure 4). Therefore, we used 50 and 75 μg/ml Hor for subsequent in vitro experiments.
[image: Figure 4]FIGURE 4 | Effects of different concentrations of hordenine base with or without LPS on the viability of RAW264.7 cells. RAW264.7 cells were pre-treated with hordenine for 1 h and stimulated with LPS for 2 h. Cell viability was determined using the Cell Counting Kit-8 assay. Results are shown as means ± SD (n = 3). #p < 0.01 vs. control group. LPS: lipopolysaccharide; DMSO: dimethyl sulfoxide.
Hor Inhibited the Inflammatory Response in LPS-Induced RAW264.7 Cells
To further investigate the role of Hor in alleviating ALI, the expression levels of inflammatory mediators in LPS-induced RAW264.7 cells were examined. Significantly increased protein levels of iNOS and COX-2 were observed in LPS-treated RAW264.7 cells compared to those in the NT group (Figures 5A–C). LPS significantly induced the expression of IL-6 and TNF-α at the mRNA level as well as their expression and secretion at the protein level (Figures 5D–G). Furthermore, LPS inhibited the expression of M2 markers (Arg-1, Ym-1, and CD206) (Figures 5H–J). However, Hor pre-treatment effectively reduced the increased iNOS, COX-2, IL-6, and TNF-α levels and promoted the expression of Arg-1, Ym-1, and CD206. These results suggest that Hor alleviated ALI by inhibiting the inflammatory response.
[image: Figure 5]FIGURE 5 | Hordenine inhibits LPS-induced inflammatory responses in RAW264.7 cells. RAW264.7 cells were incubated with Hor for 1 h before stimulation with LPS for 6 or 12 h. Radioimmunoprecipitation assay buffer or TRIzol was added to the cell samples to prepare protein or RNA samples. (A–C) Protein levels of COX-2 and iNOS in RAW264.7 cells detected by western blotting. (D–E) Levels of IL-6 and TNF-α protein in RAW264.7 cells. (F–J) The mRNA levels of M1 markers (IL-6 and TNF-α) and M2 markers (Arg-1, Ym-1, and CD206) in RAW264.7 cells. Results are shown as means ± SD (n = 3). #p < 0.01 vs. no treatment (NT) group; ∗p < 0.05 vs. LPS group; ∗∗p < 0.01 vs. LPS group. Arg-1: arginase one; CD206: mannose receptor; COX-2: cyclooxygenase-2; Hor: hordenine; IL-6: interleukin-6; iNOS: inducible nitric oxide synthase; LPS: lipopolysaccharide; TNF-α: tumor necrosis factor-α.; Ym-1: chitinase-3-like-3.
Hor Inhibited Activation of the AKT, NF-κB and MAPK Signal Pathways in LPS-Induced RAW264.7 Cells
To explore the potential mechanism by which Hor alleviated ALI, various signaling pathways were examined. Compared to the NT group, the LPS treatment group showed significant induction of AKT, p65, and IκB protein phosphorylation in RAW264.7 cells (Figures 6A–D). Translocation of p65 protein into the nucleus was significantly induced by LPS (Figure 6E). However, Hor pre-treatment effectively alleviated increased phosphorylation levels of AKT, p65, and IκB, and translocation of p65 protein into the nucleus was significantly inhibited (Figure 6). Compared with those of the NT group, the LPS group significantly induced the phosphorylation of p38, ERK1/2, and JNK in RAW264.7 cells. However, Hor pre-treatment effectively alleviated the increased phosphorylation of p38, ERK1/2, and JNK. These results indicated that Hor alleviated ALI by inhibiting the phosphorylation of AKT, NF-κB, and MAPK (Figure 7).
[image: Figure 6]FIGURE 6 | Hordenine inhibits phosphorylation of the AKT and NF-κB signaling pathways in LPS-induced RAW264.7 cells. Cells were pre-treated with hordenine for 1 h, followed by LPS treatment for 1 h, and cell proteins were collected. (A) Protein levels of p-AKT, p-p65, p-IκB, AKT, p65, and IκB in RAW264.7 cells. (B–D) Quantification of p-AKT, p-p65, and p-IκB by western blotting in RAW264.7 cells. (E) Translocation of p65 protein into the nucleus of RAW264.7 cells. Green represents p65 protein and blue represents the nucleus. Green fluorescence in the location of the nucleus was greater than that in the cytoplasm, indicating that p65 was translocated into the nucleus (magnification, × 400; scale bar = 100 μm). Results are shown as means ± SD (n = 3). #p < 0.01 vs. no treatment (NT) group; ∗∗p < 0.01 vs. LPS group. DAPI, 4′,6-diamidino-2-phenylindole; Hor: hordenine; LPS: lipopolysaccharide; p-AKT: phosphorylated protein kinase B; p-IκB: phosphorylated inhibitor of nuclear factor-κβ; p-p65: phosphorylated p65.
[image: Figure 7]FIGURE 7 | Hordenine inhibits activation of the MAPK signaling pathway in LPS-induced RAW264.7 cells. (A) Expression of p-p38, p38, p-JNK, JNK, p-ERK1/2, and ERK1/2 in RAW264.7 cells. (B–D) Relative density analysis of p-p38, p-JNK, and p-ERK1/2 protein bands in RAW264.7 cells; β-actin was used as an internal reference. Results are shown as means ± SD (n = 3). #p < 0.01 vs. no treatment (NT) group. ∗∗p < 0.01 vs. LPS group. Hor: Hordenine; LPS: lipopolysaccharide; p-ERK1/2: phosphorylated extracellular signal-regulated kinase 1/2; p-JNK: phosphorylated c-Jun N-terminal kinase.
Molecular Docking Simulation of Hor With AKT
To explore the potential mechanism by which Hor alleviated ALI, the binding pattern and hydrogen bonds of Hor and AKT were predicted by molecular docking; the results revealed hydrogen bonding between Hor and AKT with a total energy of −5.15 kcal/mol, which was significant (Figure 8). These predictions suggested that Hor may alleviate ALI by inhibiting AKT phosphorylation.
[image: Figure 8]FIGURE 8 | Molecular docking simulation of hordenine with AKT. AutoDock tools were used to predict the docking of protein kinase B (AKT) protein with hordenine, and PyMOL was used to plot the binding mode. (A) Three-dimensional (3D) model of AKT protein binding with a hordenine-cartoon pattern, AKT protein No. 3OW3. (B) Three-dimensional model of AKT protein binding to the hordenine-surface model. (C) Amino acid residues of AKT protein hydrogen bonding with hordenine. Blue represents hordenine and yellow represents the amino acid residues of AKT protein.
DISCUSSION
In this study, an ALI model induced by LPS in vivo and in vitro was successfully constructed. The LPS-induced ALI model shows similarities to the pathological process of human ALI (Lv et al., 2017; Hou et al., 2018); therefore, in this study, LPS-induced in vitro and in vivo models were used to explore the effect and potential mechanism of Hor on ALI. We demonstrated that Hor effectively alleviated ALI, inhibited increased inflammatory mediators, and inhibited activation of inflammatory signaling pathways.
Lung tissue edema leads to enhancement of tissue inflammation and then destroys the normal physiological structure of the tissue, thus affecting normal physiological function (Komiya et al., 2017). Some studies showed that alleviating pulmonary hydrops is an effective approach for alleviating ALI (Hou et al., 2018; Huang et al., 2019). The current study showed that Hor alleviated LPS-induced lung edema and lung tissue damage. To further explore how Hor exerted these effects, inflammatory mediators were evaluated.
Inflammatory mediators are the main effectors of inflammation (Medzhitov, 2008; Lv et al., 2017). Inflammatory cytokines recruit large numbers of inflammatory cells to injured tissue and then induce a series of pathological processes, such as an inflammatory cytokine storm and respiratory burst, which damage the normal structure and physiological function of the tissue and aggravate the severity of the disease (Medzhitov, 2008; Kan et al., 2019). MPO is the main marker of neutrophil aggregation; inhibiting increased MPO levels effectively alleviates the inflammatory response (Aratani, 2018; Kan et al., 2019). iNOS is the key rate-limiting enzyme in NO synthesis; as an important signal regulatory molecule, it is closely related to the occurrence and development of diseases. Inhibiting increases in iNOS levels is useful for treating ALI (Zheng et al., 2019). COX-2 is a polyunsaturated fatty acid metabolic enzyme with a key role in the production of prostaglandins and is closely related to the occurrence and development of inflammation (Hu, 2003). Under normal physiological conditions, COX-2 expression is ordinarily very low, but it is significantly increased during inflammation, which promotes the synthesis of prostaglandins and induces cell damage (Hashemi Goradel et al., 2019). Inhibiting increased COX-2 levels can be used to treat ALI (Butt et al., 2016; Park et al., 2018a). In addition, the inflammatory cytokines IL-6, IL-1β, and TNF-α activate the inflammatory NF-κB signaling pathway, promote the secretion of inflammatory mediators, and expand the inflammatory response (Jimi et al., 2019). It follows that inhibiting the expression and secretion of IL-6, IL-1β, and TNF-α is a suitable approach for alleviating ALI. Our results showed that Hor inhibited the LPS-induced increase in inflammatory mediators in RAW264.7 cells, lung tissue, and BALF, and may have great potential for alleviating ALI. In addition, our study found that pre-treated Hor can reduce the polarization-related markers of M1 macrophages, while also enhancing the expression of M2 macrophage markers and promoting the polarization of macrophages to the M2 phenotype, which provides new evidence for further exploration of the anti-inflammatory mechanism of Hor.
To further explore the potential mechanism by which Hor alleviates ALI, the activation of inflammatory signaling pathways was examined. AKT/NF-κB is a classic signaling pathway (Manning and Toker, 2017; Ye et al., 2017). AKT plays an important role in the regulation of cell metabolism, growth, proliferation, survival, transcription, and protein synthesis, and is an important molecule in proinflammatory signaling (Manning and Toker, 2017). Studies have shown that AKT is a key molecule in the inflammatory response. External stimuli such as LPS can promote the phosphorylation of AKT. After phosphorylation of AKT, inflammatory signals are transmitted downstream, prompting the expression of several inflammatory cytokines, thus exacerbating the inflammatory response (Wang et al., 2017; Kan et al., 2019). Therefore, inhibition of AKT phosphorylation is a potential therapeutic strategy for alleviating inflammatory diseases. Many studies have provided evidence to support this point; for example, inhibition of AKT phosphorylation effectively alleviates inflammatory mastitis (Kan et al., 2019), inflammatory neurological disease (Huang et al., 2018), and inflammatory bowel disease (Chen et al., 2018). It has also been suggested that inhibition of AKT phosphorylation may be a potential strategy for relieving ALI (Hou et al., 2018). However, whether Hor can alleviate ALI by inhibiting the phosphorylation of AKT has not been reported. Through a molecular docking prediction, we found that there was an interacting hydrogen bond between Hor and AKT, which may inhibit the phosphorylation of AKT. Notably, our results show that Hor can inhibit LPS-induced phosphorylation of AKT, thus it may be a potential AKT inhibitor; however, this requires further investigation. In addition, AKT is an upstream factor of NF-κB, which further phosphorylates NF-κB signaling after activation. Thereafter, IκB protein is ubiquitinated and degraded, promoting p65 to enter the nucleus and directly interact with the promoter, resulting in transcription and translation of inflammation-related genes to maintain a high level of inflammation (Zhong et al., 2013; Meng et al., 2018; Pan et al., 2020). Our results showed that Hor effectively inhibited the LPS-induced activation of AKT and NF-κB, suggesting that Hor functioned via a mechanism involving AKT and NF-κB. Effective inhibition of AKT and NF-κB signal activation alleviates ALI (Pan et al., 2020). However, whether Hor can inhibit the NF-κB pathway by inhibiting AKT activation needs to be further confirmed.
The activation of MAPK signaling was evaluated to investigate the potential mechanisms responsible for the effects of Hor on ALI. MAPK cascade activation is involved in multiple signaling pathways, mainly composed of p38, JNK, and ERK1/2 signals (Zhong et al., 2013). MAPK is an important transmitter of signals from the cell surface to the nucleus, where activation of MAPK signaling has a strong proinflammatory function (Fang and Richardson, 2005; Zhong et al., 2013). Phosphorylation of the p38 protein aggravates pneumonia in mice (Xing et al., 2019). ERK1/2 increases the adhesion of inflammatory cells and promotes the aggregation of inflammatory cytokines, thus aggravating the inflammatory response (Zhang et al., 2015; Park et al., 2018b). Furthermore, inhibition of JNK phosphorylation effectively alleviates ALI in mice (Zhang et al., 2015). These results show that Hor inhibited the phosphorylation of p38, JNK, and ERK1/2, indicating that inhibition of MAPK signaling was a potential therapeutic mechanism by which Hor alleviates ALI (Figure 9).
[image: Figure 9]FIGURE 9 | Mechanism of hordenine alleviating LPS-induced ALI. LPS successfully induces ALI in mice, and lung tissue injury was evident when the levels of inflammatory mediators increased. Hordenine alleviated LPS-induced ALI, inhibited the expression and secretion of inflammatory mediators, and relieved pulmonary tissue edema. The potential mechanism by which hordenine alleviates lung injury may be inhibition of AKT, NF-κB, and MAPK signaling activation. ALI: acute lung injury; LPS: lipopolysaccharide; AKT: protein kinase B; IκB: inhibitor of nuclear factor-κB; MAPK: mitogen activated protein kinase; ERK: extracellular signal-regulated kinase; JNK: c-Jun N-terminal kinase; IL-6: interleukin-6; TNF-α: tumor necrosis factor-α; iNOS: inducible nitric oxide synthase; COX-2: cyclooxygenase-2.
CONCLUSION
Hor is a natural phytochemical extracted from germinated barley. It is currently challenging to establish accurate models of clinical disease. We established in vitro and in vivo models of ALI and clarified the mechanism and pathways of Hor in protecting against LPS-induced ALI, demonstrating its potential clinical application value. Hor effectively alleviated LPS-induced ALI. The potential mechanism involved the control of inflammatory mediator levels by inhibiting activation of AKT, NF-κB and MAPK signals.
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To observe and evaluate the correlation between single-nucleotide polymorphisms (SNPs) and messenger RNA (mRNA) level related to tristetraprolin (TTP) in Chinese rheumatoid arthritis (RA). TapMan SNP was used for genotyping analysis in 580 RA patients and 554 healthy people. Association between TTP gene polymorphisms (rs251864 and rs3746083) and RA was obtained. Quantitative real-time reverse transcription polymerase chain reaction (qRT-PCR) technology was applied for the detection of TTP mRNA level in peripheral blood mononuclear cells (PBMCs) in 36 RA patients and 37 healthy people. We observed that the allele T of TTP rs3746083 increased RA susceptibility (p = 0.019). A significant difference was found under the dominant model of rs3746083 (p = 0.037). Further analysis showed the allele distribution of rs3746083 was nominally correlated with RF phenotype of RA patients (p = 0.045). Nevertheless, the association between TTP rs251864 and the incidence of RA was no statistically significant (p > 0.05). The TTP expression level in PBMCs of RA patients was significantly reduced (p < 0.001). In conclusion, the results of this experiment support that TTP may be involved in the pathogenesis of RA.
Keywords: tristetraprolin, TTP, rheumatoid arthritis, polymorphism, expression
INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by autoantibody production, persistent inflammatory synovitis and progressive destruction of articular cartilage and bone (Jiang et al., 2014). The pathogenesis of RA remains obscure. Although both genetic and environmental factors can cause RA, the genetic components were broadly confirmed to account the principal risk for RA susceptibility (Okada et al., 2014; Okada et al., 2019).
The decay of messenger RNA (mRNA) is associated with many inflammation-related gene expression regulation mechanisms. Conserved mRNA sequence elements found in most inflammation-associated genes are adenylate and uridylate-rich elements (AU-rich elements, AREs) which situated in the 3′untranslated region (3′UTR) of mRNA (Sanduja et al., 2011). Whether RNA-binding protein binds to the ARE will affect the stability of mRNA (Khabar, 2010).
Tristetraprolin (TTP) as a RNA-binding protein has been well characterized. TTP, also named Tis11, G0S24 and Nup475, was expressed widely in mammalian cells (Taylor et al., 1991) (Figure 1). TTP-deficient mice exhibited systemic autoimmune inflammatory symptoms consisting of erosive arthritis, cachexia, conjunctivitis, dermatitis and glomerular mesangial thickening (Taylor et al., 1996). The symptoms can be avoided in TTP-deficient mice by injecting with antibodies to tumor necrosis factor-α (TNF-α), suggesting that the inflammatory symptoms are caused by TNF-α elevation (Taylor et al., 1996). In an attempt to clarify this mechanism, Carballo and collegues found that TTP directly binds to the ARE of TNF-α mRNA and degrade it rapidly (Carballo et al., 1998). Later, TTP was identified to bind the AREs and regulate other pro-inflammatory cytokines (Lee et al., 2012; Härdle et al., 2015). TTP expression which partly interferes with the p65 subunit of nuclear factor κB (NF-κB) attenuates NF-κB activity (Schichl et al., 2009). Moreover, TTP could physically interact with histone deacetylases (HDACs) and act as a common suppressor of NF-κB-dependent transcription (Liang et al., 2009). Therefore, TTP not only contribute to regulate the expression of pro-inflammatory gene through its mRNA-decay function, but also participate in the regulation of inflammatory signal transduction. Taking together these findings, it suggests that TTP may be involved in the pathogenesis of RA.
[image: Figure 1]FIGURE 1 | Schematic showing the organization of TTP gene, mRNA, and protein.
TTP gene, also known as zinc finger protein 36 (ZFP36), consists of two exons and one intron, which is located on human chromosome 19q13.1 and about 3,100 bp in length (Guo et al., 2017). After searchimg the relevant literature, we did not find any previous associations between TTP gene and RA in the Chinese population. Therefore, we established a two-phase study of TTP in RA, aiming to understand whether the polymorphisms of TTP gene (rs251864 and rs3746083) are related to RA susceptibility. Concurrently, the TTP mRNA level in peripheral blood mononuclear cells (PBMCs) was evaluated.
MATERIALS AND METHODS
Patients and Controls
580 RA patients (483 females and 97 males, mean age 51.23 ± 12.71 years) and 554 healthy controls (479 females and 75 males, mean age 50.30 ± 17.80 years) were enrolled to explore whether TTP gene polymorphisms are related to disease susceptibility. The diagnosis of RA was met the European League Against Rheumatism (EULAR) 2009 and the American College of Rheumatology (ACR) 1987 revised classification criteria for RA (Arnett et al., 1988). All patients were recruited from the First affiliated Hospital of Anhui Medical University. All healthy individuals had no history of RA or other autoimmune diseases.
And then, 36 RA patients (33 females and three males, mean age 53.67 ± 10.63 years) and 37 healthy controls (35 females and two males, mean age 50.14 ± 9.81 years) were randomly selected from the genotyping samples to investigate the expression of TTP.
The demographic and laboratory parameters were obtained from questionnaires and medical records. According to the 1964 Helsinki Declaration, each subject obtained informed consent. The research scheme was ratified by the Ethics Committee of Anhui Medical University.
Single-Nucleotide Polymorphisms Genotyping
The genomic DNA samples in peripheral blood cells were lifted in line with the specifications of the Flexi Gene DNA Kit (Qiagen, German) and then we used TapMan SNP to determine genotyping on the EP1 system (Fluidigm, CA, United States). Two SNPs in the TTP gene were selected: rs3746083 (39898667C > T) in the second exon and rs251864 (39897293A> G) in the promoter exon. The probes (assay ID) used in this study were as follows: rs3746083 (C_2997179_10) and rs251864 (C_610276_10).
Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction
Peripheral blood was separated by Ficoll-Hypaque density gradient centrifugation to obtain PBMC. Trizol reagent was used for the extraction of total RNA, and PrimeScript™ RT kit (Takara, Japan) was applied to reverse transcribe the obtained RNA into cDNA.
The quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (qRT-PCR) was performed by ViiA™ 7 Real-Time PCR System (Thermo Fisher, CA, United States). The qRT-PCR primer sequences of TTP gene are sense primer: 5′-GAC​TGA​GCT​ATG​TCG​GAC​CTT-3′ and antisense primer: 5′-GAG​TTC​CGT​CTT​GTA​TTT​GGG​G-3′. Housekeeping gene β-actin (sense primer: 5′-CAC​GAA​ACT​ACC​TTC​AAC​TCC-3′, antisense primer: 5′-CAT​ACT​CCT​GCT​TGC​TGA​TC-3′) was used as internal control. Based on the instructions of SYBR Green (Takara Bio Inc., Japan), we add 0.4 µl sense primer and 0.4 µl antisense primer (10 µM) into the qRT-PCR reaction system to establish the following circulation system: 95°C for 1 min and then 42 cycle under the programs of 95°C for 10 s, 60°C for 30 s and 72°C for 1 min. 2−△△Ct was used to compute the relative expression level of TTP.
Statistical Analysis
The obtained data are measured by the mean ± standard deviation of their normal distribution, and the non-normal distribution data is represented by the median value and interquartile range. The non-parametric test was applied to analyze the differences in TTP mRNA expression within the groups, and the Spearman rank correlation was applied to test the correlation between the groups.
Using i-square (χ2) test or fisher test to test the genotype and allele frequency distribution between groups, and perform odds ratio (OR) and 95% confidence interval (CI) for regression analysis of results, and use dominant model and invisible model for statistical analysis. In addition, the Hardy-Weinberg equilibrium (HWE) test was performed in healthy subjects.
Use SPSS 19.0 software (IBM Corp) to perform statistical analysis on the obtained data. A two-tailed p value ≤ 0.05 was regarded as statistically significant.
RESULTS
Association of Tristetraprolin Polymorphisms With Rheumatoid Arthritis Susceptibility
The characteristics of RA patients are presented in Table 1. The observed genotype frequencies of rs251864 and rs3746083 were distributed in accordance with HWE in the controls (χ2 = 2.039, p = 0.153;χ2 = 2.435, p = 0.119).
TABLE 1 | The main demographic and clinical characteristics of rheumatoid arthritis patients.
[image: Table 1]Compared with healthy controls, RA patients have a significantly higher frequency of TTP rs3746083 T allele (OR = 1.611, 95%CI = 1.078–2.407, p = 0.019). In addition, there was a significant difference under the dominant model of rs3746083 (TT + TC versus CC: OR = 1.567, 95%CI = 1.025–2.395, p = 0.037). Nevertheless, no association between TTP rs3746083 and RA was observed in genotype distribution and recessive model (all p > 0.05). Besides, it can be proved that there is no obvious correlation between TTP rs251864 polymorphism and RA susceptibility (all p > 0.05) (Table 2).
TABLE 2 | Allele and genotype frequencies of the TTP gene SNPs in RA patients and healthy controls.
[image: Table 2]Tristetraprolin Polymorphisms and Laboratory Parameters of Rheumatoid Arthritis
We evaluated the associations of rs251864 and rs3746083 SNPs with rheumatoid factor (RF) and anti-cyclic citrullinated peptide (anti-CCP) in RA patients (Table 3). We observed the allele distribution of rs3746083 was nominally correlated with RF phenotype in patients with RA (χ2 = 4.029, p = 0.045). However, neither the RF nor the anti-CCP were influenced by rs251864 polymorphism (p > 0.05).
TABLE 3 | Association of TTP gene polymorphisms with auto-antibody profiles in patients with RA.
[image: Table 3]Tristetraprolin Expression Level in Rheumatoid Arthritis
The TTP mRNA expression level in PBMCs of RA patients was nominally significantly lower than healthy people (Z = −5.244, p < 0.001) (Figure 2). We also analyzed the relationship between TTP mRNA level and RF and anti-CCP of RA. The results showed that TTP mRNA level in RF-negative patients decreased statistically (Z = −1.975, p = 0.048; Figure 3). However, TTP mRNA expression level did not differ between patients with positive or negative anti-CCP results (Z = −1.720, p = 0.085; Figure 4). When we divided the RA patients into active and inactive RA, the TTP mRNA level did not show significant difference in active RA compared with inactive RA groups (p > 0.05). The correlations of TTP mRNA level with CRP, ESR and DAS28 of RA patients were not statistically significant (all p > 0.05).
[image: Figure 2]FIGURE 2 | Comparision of TTP mRNA expression level in PBMCs between RA patients and normal controls.
[image: Figure 3]FIGURE 3 | Comparision of TTP mRNA expression level in PBMCs between RF-positive RA patients and RF-negative RA patients.
[image: Figure 4]FIGURE 4 | Comparision of TTP mRNA expression level in PBMCs between anti-CCP-positive RA patients and anti-CCP-negative RA patients.
Effect of Tristetraprolin Polymorphisms on Tristetraprolin Expression in Rheumatoid Arthritis
We analyzed the associations between the TTP mRNA level of RA patients and the genotypes of rs251864 and rs3746083. However, no statistically significant difference was identified (all p > 0.05).
DISCUSSION
TTP, the most common RNA-binding protein, has been shown to be involved in the regulation of various ARE-containing mRNAs (Lee et al., 2020). The absence of TTP increased the expression and proliferation of its activation markers, and inhibited apoptosis in T cells (Moore et al., 2018). Accumulating evidence pointed to the fact that TTP might be involved in the regulation of autoimmune diseases (Sanduja et al., 2012; Ross et al., 2017; Yoshinaga and Takeuchi, 2019). Considering the role of TTP in immune system and its derivation in autoimmune diseases, analyzing the polymorphism of TTP gene in Chinese RA patients can better understand the role of RA susceptibility. This analysis is very necessary and has practical significance.
SNP is responsible for an individual’s genetic component, including complex traits such as drug response and disease susceptibility (Mullikin et al., 2000). Actually, previous studies have evaluated the role of TTP gene polymorphisms in some autoimmune diseases. Carrick et al. (2006) studied the association between TTP polymorphisms and RA susceptibility, multiple sclerosis (MS) and psoriasis. Their study demonstrated that the higher incidence of RA in African-Americans was related to the T allele of SNP rs3746083. Subsequently, Suzuki et al. identified a SNP, rs251864, within the TTP promoter region, which is related to the course of RA and treatment response of anti-TNF-α in Japanese RA patients (Suzuki et al., 2008). This study further suggested that rs251864 affected TTP promoter activity, which means that there is a connection between TTP and RA. Here, our current study investigated the association between TTP gene rs251864 and rs3746083 polymorphisms and RA in the Chinese population. Our results suggested that TTP rs3746083 was a genetic marker significantly related to RA. In addition, we discovered rs3746083 polymorphism was related to RF-positive patients, suggesting that disease prognosis is also associated with the rs3746083 variant.
Simultaneously, we investigated the TTP mRNA expression in PBMCs of RA. Our results indicated that TTP mRNA expression level was lower in RA patients. The decreased TTP mRNA level in RA demonstrated that TTP may be a protective factor for RA, and this result is agreement on the results of a previous study by the Japanese population (Sugihara et al., 2007). Moreover, the presence of positive for RF was associated with TTP mRNA level in RA patients. These results indicated that TTP mRNA level might play a role in the phenotype of RA.
The exact mechanism underlying the effects of TTP is unclear. TTP is expressed in several immune-related tissues and cells, implying a potential role of TTP in the immune system. Early research also demonstrated that TTP was involved in regulating the production of multiple inflammatory cytokines, thereby affecting the immune response, including TNF-α, interleukins (ILs) and interferons (IFNs) (Brooks and Blackshear, 2013). The macrophages from TTP-deficient mice exhibit an apparent primary tendency to excess TNF-α production, which indicates the role of TTP in the biosynthesis and/or release of TNF-α in this cell type (Carballo et al., 1997). IL-12 is one of the ILs families and regulates immune response. Previous study shows that TTP down-regulates IL-12 at transcriptional level through the NF-κB pathway (Gu et al., 2013). IFN-γ plays a vital role in the immune regulation and enhances antiviral ability. TTP mediates the degradation of IFN-γ by binding to the functionally ARE of IFN-γ mRNA. It implied that TTP mediates IFN-γ mRNA decay (Ogilvie et al., 2009). Modification after translation, especially phosphorylation, has a great influence on the anti-inflammatory effect of TTP (Cao et al., 2007). Replacing TTP phosphorylation sites conferred significantly protect mice from inflammatory arthritis. It can be used in treatment of inflammatory diseases by changing the degree of phosphorylation (Ross et al., 2015). This may give us a signal: immune and inflammatory diseases can be treated by stimulating the expression of TTP. In addition, the results of various mouse models are mostly in line with the findings of in vitro studies, which is worthy of our attention. Now people have a deeper understanding of the therapeutic effects of TTP through these experiments (Phillips et al., 2004; Patial and Blackshear, 2016). Furthermore, the functional consequences of SNPs rs251864 and rs3746083 have been consistently thought to have a negative impact on the transcription, translation and stability of TTP mRNA. All of these make TTP an interesting RA candidate gene.
To our best knowledge, this is the first study to prove that TTP dysregulation might be related to the pathogenesis and development of RA, and the rs3746083 polymorphism of the TTP gene may be protective of RA in a Chinese population. However, several limitations should be acknowledged. First of all, the sample size of the case-control study we included is relatively small, thus resulting in moderate statistical power for rs3746083. Secondly, the data in this study is based on the hospital’s case-control, and selection bias was inevitable. Thirdly, the potential impact of environmental factors cannot be ruled out. Finally, we have not performed a functional study of TTP.
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Primary Sjögren’s syndrome (pSS) is a systemic autoimmune diseases of the connective tissues, characteristic of the presentation of keratoconjunctivitis sicca and xerostomia. A cardinal pathogenetic feature of SS is B-cell hyperactivity, which has invited efforts on optimal B-cell targeted therapy, whereas conventional corticosteroids and disease-modifying antirheumatic drugs (DMARDs) are restricted to symptomatic relief. As per the first EULAR recommendation for pSS patients published in 2020, regimens with monoclonal antibodies targeting B cells may be initiated in patients with severe, refractory systemic disease, notably rituximab (RTX), a mouse-derived monoclonal antibody that targets CD20 antigen and contributes to B-cell depletion. Nonetheless, the data available from clinical trials with RTX are often controversial. Despite the lack of promising results from two large RCTs, several positive clinical efficacies were demonstrated. This current review addressed the efficacy and safety of clinical trials available and elucidated the potential of RTX on the immune system, especially B and T cells. Furthermore, plausible explanations for the discrepancy in clinical data were also presented.
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INTRODUCTION
Primary Sjögren’s syndrome (pSS) is quite common, with a prevalence of 0.1–0.6% in adult population, wherein the ratio of females to males is at least 9:1, with age average of 50 years on diagnosis (Mariette and Criswell, 2018). Primary Sjögren’s syndrome (SS) is presented with lymphocytic infiltration in the salivary and lacrimal glands, leading to dry symptoms, i.e. keratoconjunctivitis sicca and xerostomia (Mavragani and Moutsopoulos, 2014). Vaginal dryness in women, nonproductive cough, or swelling of the salivary glands may develop. Persistence of swollen salivary glands may be the initial manifestation of pSS. Systemic symptoms include joint pain, chronic fatigue and discomfort (Seror et al., 2011) as well as systemic manifestations (Seror et al., 2010).
PSS patients may biologically exhibit B-cell activation, such as serum polyclonal hypergammaglobulinemia, elevated free light chain levels, and autoantibody positivity of rheumatoid factor (RF), anti-Sjögren’s syndrome-related antigen A (SSA, or Ro) antibody (prevalence of 60–80%), and anti-Sjögren’s syndrome-related antigen B (SSB, or La) antibody (prevalence of 30–40%) (Gottenberg et al., 2013). The B cells in the salivary glands, or rather, the target organ of pSS, may occasionally constitute ectopic germinal centers (GCs). Additionally, pSS enhances the susceptibility to B-cell lymphoma in individuals, particularly in pSS patients comorbid with lymphoma, RA, and SL (Song et al., 2018).
Current clinical regimens for pSS are mainly focused symptomatically on keratoconjunctivitis sicca and systemically on broad-spectrum immunosuppression. As per the updated EULAR recommendations (Ramos-Casals et al., 2012), SS patients should be treated in a specialized center or in close cooperation with a specialized center, with a multidisciplinary regimen (Ramos-Casals et al., 2020). However, there is a conflict between the urgency for specifically targeted therapy in clinical practice and conventional symptomatic alleviation with glucocorticoids and disease-modifying anti-rheumatic drugs (DMARDs). Recently, improved knowledge of the disease heterogeneity, availability of biologics and better elucidation of pathogenic pathways all contribute to international well-controlled trials of pSS.
RTX is a chimeric antibody with specific binding to the CD20 antigen with expression on the majority of B-cell progenitors, and facilitates them to activate, proliferate, and differentiate. In addition, RTX is deemed to reduce the number of circulating B cells via complement-dependent cytotoxicity (CDC) and antibody-dependent cytotoxicity (Beers et al., 2010). RTX could serve as a first-line therapy in patients with severe autoimmune rheumatic diseases (AIRD) (Galarza et al., 2008). Beyond the implication in B-cell depletion, RTX appears to regulate T-cell responses in autoimmune diseases (Ciccia et al., 2013; Ciccia et al., 2014). However, despite the possible mechanism of RTX, the researches of the RTX efficacy in pSS are still controversial. Following two small-sample studies with satisfactory results, two subsequent larger randomized controlled trials negated the potency of RTX in removal of B cells in pSS. Therefore, there is discrepancy as to the efficacy of RTX therapy for pSS, which however brought forth some clinical, biological and histological improvements. In addition, several clinical trials are currently enroute for the feasibility of rituximab-belimumab sequential therapy in SLE and SS, indicating the potential prospects of RTX combination therapy.
This review addressed the current literature available on RTX treatment in pSS patients, considering the effectiveness and safety of the clinical and biological environment. This review also discussed the underlying mechanism of RTX on B and T cells and the plausible explanation behind possible clinical phenomena.
EFFICACY OF RITUXIMAB AND THE MECHANISMS OF ACTION
In 1997, RTX became the first approved mAb by the US FDA in regimens for relapsed/refractory non-Hodgkin’s lymphoma (NHL), and has thereon significantly benefited numerous patients with various autoimmune disorders, particularly B-cell malignancies, including pSS (Gürcan et al., 2009). CD20 (human cluster of differentiation 20) is an integral membrane protein expressed during the development of B lymphocytes (Einfeld et al., 1988) and is also the target of approved therapeutic monoclonal antibodies (mAbs) (Deans et al., 1998) with expression on the surface of normal and malignant B cells, wherein CD20 receptor is only absent in the pro-B lymphocyte and plasma cells (Perez-Callejo et al., 2015). RTX is a chimeric anti-CD20 type I recombinant monoclonal antibody with a mouse antigen binding domain connected to the constant domain of human immunoglobulin G1 (IgG1). There is a wealth of reports on the mechanisms of action of RTX as well as its effect in vitro in contrast to the obscurity in vivo. Honetheless, RTX may bind to its target CD20, thus rendering spatial reorganization of CD20 molecules in lipid rafts. Consequently, depletion mechanisms such as complement-dependent cytotoxicity (CDC), antibody-dependent cytotoxicity (ADCC) and phagocytosis of the reticuloendothelial system are activated, resulting in B-cell apoptosis via cross-linking CD20 molecules (Maloney et al., 2002) (Figure 1).
[image: Figure 1]FIGURE 1 | B cell differentiation and action mechanisms of RTX. CDC: complement-dependent cytotoxicity; ADCC: antibody-dependent cytotoxicity.
B Lymphocytic Responses
PSS is characterized by B cell activation in pathogenesis. When RTX binds to CD20 molecules, the consequent cell lysis renders disappearance of B cells from the peripheral blood (PB). RTX therapy in pSS results in almost exhaustive depletion of B cells, with scanty CD19+ cells detected in PB (Meijer et al., 2010; St Clair et al., 2013). The effectiveness of RTX is mainly attributed to its effects on the production of plasmablasts via the depletion of their direct precursors, such as the activated B cells and germinal center. B cells are also proposed to produce antigen and secrete cytokine, the extra mechanisms contributing to the clinical efficacy of RTX (Barr et al., 2012). Nevertheless, inhibition of plasmablast production can account for the clinical effects of most B-cell-mediated morbidities, wherein the RTX efficacy is embodied by the gradual clearance of pathogenic antibodies and clinical remission. In addition, studies have confirmed that long-lived precursors can elicit the autoimmune response, which explains the failure of RTX to yield complete depletion of peripheral B cells and the presence of pathogenic autoantibodies detectable (Mei et al., 2015). We hypothesized that the inconsistency in clinical responses rendered by RTX might represent the heterogeneity of the generation of precursors. It would be of interest to reveal the microenviromental profiles in autoimmunity of both the long-lived and short-lived auto-reacting precursors and contribute to the development of novel regimens of specific targeting of these cells.
The suppression of pSS is implicated in long-term depletion of memory B cells, or biomarkers of disease activity in a number of CD20+ B cell depletion-sensitive autoimmune diseases. After B cells are depleted, the transitional (immature) and naïve (mature) B cells are rapidly regenerated in the bone marrow, which discounts the significant depletion via the slow regeneration of memory B cells derived from lymphoid tissue. Accordingly, short-term therapeutic cycles may render long-term protection, presumably via the stimulation of memory B cells by T cells to drive disease recurrence. Most of the B cells in PB come from bone marrow whereas the memory B cell response is gradually generated in the secondary lymphoid tissues.
In the clinical scenario, the effect of RTX therapy has been compared to “Road Block” (Silverman and Boyle, 2008). During the development of autoimmunity, autoreactive B cells have a central part to play in inflammation and pathogenesis via sequence transference to antigen-specific autoreactive B cells and BCR. Accordingly, Silverman and Boyle proposed that depletion of these autoreactive B cells should be able to annul the interaction between costimulatory signals and pro-inflammatory mediators (Silverman and Boyle, 2008). In this sense, blockade of the “road” of autoimmunity may contribute to the elimination of local inflammation and clinical recovery.
B-cell activating factor (BAFF) and proliferation-inducing ligand (april) play a central role in maturation, proliferation and survival of B cells. B cell-activating factor receptor (BAFF-r) is able to inhibit cell apoptosis via its affinity to BAFF, thereby occupying a pivotal part in B cell homeostasis (Schneider, 2005). Moreover, BAFF also serves as target factor for autoimmune diseases, with its level being subject to B cell population, i.e. a declined B cell counts may result in the elevation of free BAFF in the serum (Pollard et al., 2013). Likewise, a report on the mechanism of BAFF elevation after RTX medication also confirmed that the downregulation of BAFF receptors had a causative relation to the positive transcription regulation of BAFF and elevated serum BAFF protein and mRNA levels (Lavie et al., 2007). In addition, another study on RTX therapy for pSS described the attribution of the response to RTX to pretreatment BAFF levels and the B-cell activation that followed (Cornec et al., 2016a). Furthermore, patients with systemic lupus erythematosus (SLE), rheumatoid arthritis and pemphigus vulgaris usually present with elevated BAFF levels (Vallerskog et al., 2006; Nagel et al., 2009) and transgenic mice with the overexpression of BAFF developed a pSS-like pathology with age, manifested by infiltration of lymphatic tissue adjacent to the duct, destruction of glandular tissue, and diminished salivation (Groom et al., 2002). It seems that elevated BAFF levels may invalidate B-cell tolerance in pSS patients, and the combination of anti-BAFF and RTX therapy can result in long-term suppression of autoreactive B cells, whereas there is a paucity of evidence available.
Generally, the initial administration of RTX can yield complete depletion of CD20+ B cells in the PB within 3–7 days thereafter. Multiplication to normal levels in the PB would require at least 6–12 months and 3 years in some cases (Marshall et al., 2017). Repopulation affects clinical course and outcome, and in some cases requires continued treatment, dependent upon the profiles of depletion and clearance by RTX as well as the regenerative capacity of BM. Of note, in the presence of comorbidities, especially concurrent autoimmune diseases in which several subpopulations of memory cells are formed within and without germinal centers, with different phenotypes developing (Roll et al., 2008). In autoimmune diseases, large expansions in IgD− IgM+ CD27+ and IgG− CD27+ phenotypes, which dominantly employ IgG1 and IgG3, the powerful activators of complement and are implicated in target destruction by ADCC (Berkowska et al., 2011). The process of repopulation of CD27+ IgD−IgM−CD38+ plasmablasts consists of differentiation, maturation, somatic mutation, and eventual development of plasma cells (Roll et al., 2006). However, CD20− plasma cells which are undetectable in the PB during depletion are present in the course of repopulation (Teng et al., 2012). Occasionally, pathological autoantibodies are detectable in the case of restoration to pretreatment level, since long-lived plasma cells multiply as the result of elevated generation of BAFF in the spleen. Paradoxically, RTX depletes CD20+ B cells while facilitating the differentiation and development of short-lived plasma cells to long-lived plasma cells in the spleen (Mahévas et al., 2015).
Memory B cells are vital in the clinical responses, and final clinical outcome, particularly relapse. Depletion of CD19+, CD27+ cells from the PB and BM may contribute to clinical response, which could be predictable as per the pretreatment levels of CD27+ memory cells, with better responses identified in patients with underexpression versus those with overexpression. In addition, the pre- and post-treatment levels of long-lived plasma cells and levels of survival factors are also contributory. Following RTX medication, naïve B cells expressing CD38 and CD27 repopulate, whereas the populations of non-class-switched (IgD+, CD27+) and class-switched (IgD− CD27+) memory B cells decrease (Muhammad et al., 2009). A gradual decline in levels of naïve B cells and a progressive elevation of CD27+ memory B cells is evidenced with the subsidence of the pharmacology of RTX. Accordingly, levels of plasmablasts/plasma cells may be elevated in patients with poor clinical responses to prior therapy with RTX. Other cycles could enhance the chances of beneficial clinical response prior to complete repopulation (Cambridge et al., 2014). Some patients may present with autoantibodies in clinical remission owing to long-lived plasma cells, which remain intact independent of RTX. Subsequent to depletion, B cell compartments are restored. In parallel, restoration and equilibrium in the ratios of Th1/Th2 multiply the helper T cells and T regulatory (Treg) cells.
T Lymphocytic Responses
Recent studies have reported a significant reduction of T cells (mainly CD4+ cells) after rituximab medication in most patients, with positive correlation between CD4+ cell consumption and the clinical outcome. Accordingly, it is plausible to deem CD4+ count as a biomarker of rituximab efficacy in evaluation of clinical efficacy, since RTX is B-cell targeted, the diminished count of CD4+ cells can be attributable to the absence of antigen expression and costimulation of B cells. Facudo Fiocca Vernengo et al. described a mouse model of intracellular Trypanosoma cruzi infection and reported the efficacy of anti-CD20 therapy on responses of the B cells and CD8+ T cells, with the latter as the essential immune effectors against intracellular pathogens (Fiocca Vernengo et al., 2020).
Anti-CD20 impairs the population and function of cytotoxic T cells in a direct or indirect manner, and this defective response is regulated by the cytokine IL-17A, a cytokine that can reverse the adverse reactions of CD8+ T cells. This discovery may highlight a novel regimen for improving the compromised immunity render by depletion of B cells (Fiocca Vernengo et al., 2020). B cells can reportedly affect CD8+ T cells, with the mediators involved not elucidated whatsoever. A study also suggested that the RTX therapy is associated with the reduction of IL-17 levels in the salivary glands (SGs) in pSS patients, with the isolated mast cells potently driving Th17 polarization (Ciccia et al., 2014).
IL-22 is involved in the pSS pathogenesis, wherein the IL-22/IL-22R pathway is implicated in the development of T and B-cell lymphoma (Gelebart et al., 2011). Preliminary results of a study suggested that in the case of inflammation of salivary glands, the immunological micro-environment in pSS patients with reduced local IL-22 expression may be modified(Ciccia et al., 2013). There is a potential correlation between the RTX-dependent decrease of IL-22 expression and the lowered progression risk of pSS towards lymphoma.
In effect, the presence of Ig-secreting cell populations in the parotid salivary glands in pSS patients may avoid depletion. The surviving cells from RTX therapy may eventually explicate the disease recurrence in pSS patients undergoing RTX therapy (Hamza et al., 2012).
CLINICAL SAFETY AND EFFICIENCY OF RITUXIMAB IN PRIMARY SJӧGREN’S SYNDROME
RTX is a chimeric monoclonal antibody directed against the pan-B lymphocyte antigen CD20, and is indicated for diseases such as leukemia, lymphoma and rheumatoid arthritis. For 2 decades, a number of high-quality clinical trials have been focused on the safety and efficacy of B-cell depletion with RTX in patients with pSS (Table 1). The patients recruited from these clinical trials were all eligible for the American-European consensus criteria for pSS. Some case reports have reported the benefit of RTX in clinical evaluation of both SS and MALT lymphoma in patients with SS (Shih et al., 2002; Somer et al., 2003).
TABLE 1 | Main clinical trials evaluating the safety and efficacy of rituximab treatment in pSS patients.
[image: Table 1]Efficacy on Exocrine Gland Function and Sicca Symptoms
Salivary gland functionality is often assessed by unstimulated whole saliva (UWS), stimulated whole saliva (SWS), and oral dryness VAS. The reports are inconsistent, with several results showing insignificant change in salivary flow rate after RTX therapy (Devauchelle-Pensec et al., 2007; Dass et al., 2008; St Clair et al., 2013; Devauchelle-Pensec et al., 2014) while a placebo-controlled, randomized, double-blind trial indicated benefit in both whole salivary flow and oral dryness VAS with a long duration of week 24 (Meijer et al., 2010). The TRACTISS trial reported that UWS secretion remained stable in the rituximab-treated patients, whereas it worsened in the placebo group, with the latter being the only confirmatory observation in the TRACTISS trial. One plausible explication for the distinction of outcomes would be that studies with null outcomes on saliva production had recruited individuals with low saliva production at baseline. As per the UWS at baseline, Meijer et al. (2010) apparently included a less heterogeneous group of patients (Meijer et al., 2010) than the TEARS trial (Devauchelle-Pensec et al., 2014). St Clair et al. (2013) even recruited patients void of UWS at baseline, and functional improvement was paradoxically achieved (St Clair et al., 2013). Intriguingly, one trial reported decreased sodium levels in the parotid saliva, suggesting that chronic sialadenitis might be alleviated (Pijpe et al., 2005). In the author’s opinion, RTX treatment may benefit salivary gland function on the grounds that many studies have demonstrated stabilized salivary gland flow rate at least by the end of treatment in contrast to the deteriorated salivary gland flow rate in pSS patients treated with placebo.
The outcomes are in conformance with the recovery of the salivary gland parenchyma (Pijpe et al., 2009; Delli et al., 2016) and the improvement of the parotid parenchyma observed in the histopathological examinations (Cornec et al., 2016b). A study evaluating specimens of salivary gland biopsy initially identified that the reduced structural redifferentiation of glandular inflammation and lymphoepithelial duct lesions (Pijpe et al., 2009). In a concurrent study (NCT00363350) of a clinical trial, the authors reported that RTX treatment reduced local B cell infiltration and facilitated the structural recovery of salivary glands, particularly the striated ducts. The population of CD20+ B cells/mm2 of the parenchyma at baseline, i.e., the histopathological profiles of a parotid biopsy, may potently affect the efficacy of RTX in patients with pSS (Delli et al., 2016). In addition, the structure of salivary glands may be improved, and the number of inflammatory cells may be reduced in some patients, which may imply that the size of the salivary glands and/or the regeneration of acinar and duct components is reduced, resulting in slight enlargement of the salivary glands (Jousse-Joulin et al., 2015). However, in view of the natural history of gland function progression in pSS, nearly all researches have denied the effect of any therapeutic intervention in reversal of gland dysfunction and remedy for the dry symptoms expected at an early stage (Haldorsen et al., 2008).
The ultrasound score of salivary glands was evaluated by the total ultrasound score (TUS, range 0–11). A randomized, double-blind, multi-center TRATTISS sub-study reported statistically significant improvement of the total ultrasound score (TUS) after RTX treatment versus the placebo group (Fisher et al., 2018), which suggests that salivary gland ultrasound (SGUS) is an imaging biomarker. Thus, the diagnosis of pSS has appropriate sensitivity and good specificity.
The results of Shirmer’s test differ significantly in some studies (Meijer et al., 2010; Devauchelle-Pensec et al., 2014). However, Shirmer’s test did not suffice to detect minor changes in lacrimation. Another measurement showed that Rose-Bengal score, tear break-up time, mean tear flow, Van Bijsterveld score, and lacrimal gland VAS show a significant change in the above studies, indicating an improvement in lacrimal gland function. Meanwhile, no statistical change was reported in some studies with modest improvement in salivary gland function (Devauchelle-Pensec et al., 2007; Dass et al., 2008; St Clair et al., 2013). Some investigators also reported remission of refractory anterior scleritis in pSS after RTX treatment (Ahmadi-Simab et al., 2005).
Sicca symptoms, which include oral and ocular dryness and reflect exocrine gland function, are evaluated in clinical trials, including examination of subjective measures of patients with pSS such as dryness VAS, degree of thirst, and degree of oral discomfort. With the exception of the TRACTISS study, all studies on pSS have reported positive results in relation to sicca symptoms.
Efficacy on Systematic Manifestations
Assessment indicators of systematic manifestation include the European League Against Rheumatism Sjögren’s Syndrome disease Activity Index (ESSDAI), visual analog scale (VAS), Short Form -36 Health Survey (SF-36), tender point/joint count, and Sjögren’s Syndrome Responder Index (SSRI). RTX therapy resulted in amelioration in subjective and objective assessment of disease severity experienced in patients with residual glandular function (Pijpe et al., 2005).
The efficacy of RTX for systemic disease activity is measured as per the ESSDAI. Of note, baseline ESSDAI scores differed widely between studies. In two large RCT studies, RTX therapy had insignificant efficacy for systemic pSS as assessed by the ESSDAI (Devauchelle-Pensec et al., 2014; Bowman et al., 2017), apart from a minor distinction in ESSDAI scores at week 36 favorable to RTX (Bowman et al., 2017). The low baseline ESSDAI score could partially account for this result. In contrast, in a prospective cohort trial enlisting 28 patients with pSS (Meiners et al., 2012), the ESSDAI score was remarkably ameliorated with RTX therapy with good validity both externally and internally. Furthermore, the idiosyncrasy of these patients also explicated the distinction in study results according to the ESSDAI score. Both indices (ESSDAI and ESSDRI) are complementary and should be combined with objective measurement of dryness and biological markers of disease severity.
Divi Cornec et al. defined a response to SSRI-30 as a relative benefit of ≥30% in at least two in five outcome measurements and reported significantly greater improvement in mean VAS global activity and pain scores in the SSRI-30 responder group (Cornec et al., 2015). Thus, SSRI-30 can serve as a useful indicator for therapy efficacy in future trials for pSS. The TEARS study had ended prior to its primary endpoint, which however still confirmed benefit in fatigue as of 6 weeks and dryness until 16 weeks.
Despite a normal lifespan in most patients with pSS, their health-related quality of life was compromised. The relative evaluation usually employs the generic SF-36 questionnaire, which could serve as a valuable criterion for assessment of pleomorphic diseases. The result described by Devauchelle-Pensec, V was observed that the SF-36 improved after RTX treatment, which may result from the improvement in tender point and tender joint counts (Devauchelle-Pensec et al., 2007).
Lymphoma fails to respond to rituximab alone at a low dose according to a study reported by Devauchelle-Pensec, V (Devauchelle-Pensec et al., 2007). The mechanisms underlying the lymphotoxic activity of RTX comprise complement-dependent cytotoxicity, antibody-dependent cellular cytotoxicity and induced apoptosis. Despite the lower frequency, the adverse effects are still focus of concern.
Efficacy on Biological Changes
Laboratory assessments usually include serum biochemical assays and determination of complete blood cell counts. Three studies reported the decreased levels of RF after RTX therapy. Pijpe, J. et al. reported that B cell depletion was coupled with decreased IgM-RF levels in patients with MALT/primary SS, and other trials showed a decline in most of the participants recruited (Pijpe et al., 2005; Devauchelle-Pensec et al., 2007; Meijer et al., 2010).
Devauchelle-Pensec, V. et al. first reported that the anti-CD20 efficacy of B cell depletion in LSGs (Devauchelle-Pensec et al., 2007). In a study, the effect was observed in one patient with MALT lymphoma (Pijpe et al., 2005). The phenomenon of B cell depletion was reported in trials that concluded its efficacy and safety of RTX regimen. E. William St. Clair et al. subdivided circulating B cells into six types: transitional B cells (CD38+ CD27−), mature naïve B cells (CD38++ CD27−), mature activated memory B cells (CD38+CD27+), resting memory B cells (CD38−CD27+), plasmablasts (CD38++CD27++), and double-negative B cells (CD38−CD27−). It has been reported that median serum BAFF increased subsequent to B cell depletion and thereafter restored to baseline following reconstitution of the circulating B cell pool (St Clair et al., 2013). A companion study also suggested that memory B cell clones and plasmablast clones in PB are frequent in RTX-treated SS subjects and so are the somatic mutations. Three trials additionally demonstrated the decreased level of serum IgM after therapy (Pijpe et al., 2005; Devauchelle-Pensec et al., 2007; Devauchelle-Pensec et al., 2014) while some researchers reported insignificant changes in anti-SSA and anti-SSB (Devauchelle-Pensec et al., 2007; St Clair et al., 2013).
Efficacy on Non-Hodgkin Lymphoma
Anti-CD20 therapy proves to be imperfect. Despite the contribution of antiCD20 mAb to increased patient survival in distinct types of B cell lymphomas, disease eradication remains impractical and impracticable. Unfortunately, the majority of patients ultimately ended up with relapses. Fortunately, some of the mechanisms underlying the drug resistance have been unmasked, thereby facilitating assessment of cancer risk after RTX treatment in the future (Yonezawa et al., 2019).
Clinical Safety: Adverse Events
Infusion reactions, such as fever, headache, fatigue, flush, pruritus and transient headache, are the most common side effects in pSS. Of note, fatigue had significantly high prevalence in the RTX group versus the placebo groups. Fortunately, these reactions were abolished or ameliorated in all patients with dose reduction or drug discontinuation, and no specific medication or hospitalization was required. In general, the infusion reactions are mild in most of the patients. Furthermore, RTX infusion-related adverse reactions are largely attributed to the extent of B-cell lysis and generation of intracellular factors, instead of the pharmaceutic per se. Of note, patients who exhibit severe incidence rate ratios (IRRs) to RTX are generally incapable of re-challenge (Levin et al., 2017). Patients with RTX intolerance owing to IRRs are more susceptible to a poor prognosis with respect to progression-free survival and overall survival provided they are excluded from further anti-CD20 therapy.
RTX administration involving the intravenous route and the initial infusion should be performed with meticulosity and duration of hours on the grounds that over 50% of patients would exhibit infusion-related adverse effects such as pyrexia, chills, and rigors. Several infusion-related adverse reactions are reported in approximately 12% of cases, including bronchospasm and hypotension, which could be life-threatening. To minimize this toxicity, routine premedication is a prerequisite prior to each infusion. The current Summary of Product Characteristics (SPC) advises premedication with an antipyretic and an antihistamine, which includes oral paracetamol plus either intravenous chlorphenamine or an oral antihistamine, such as loratadine. Subcutaneous medication of RTX, in contrast to the intravenous injection, can reportedly improve cost-effectiveness and patient experience (Davies et al., 2014).
Serum sickness is a type III delayed hypersensitivity reaction that induces immune complexes to deposit in the tissues leading to activation of the complement cascade and inflammatory reaction. Clinical symptoms are mainly presented as fever, arthralgia and rash as well as myalgia, malaise, fatigue, conjunctival hyperemia, and purpura. Other manifestations include proteinuria, hematuria, elevated inflammatory markers, high immunoglobulin levels, and reduced complement (Bayer et al., 2019). Generally, the symptoms do not occur until the 10th day after the initial infusion of RTX, whereas adverse effects in effect develop more rapidly with medication thence. Moreover, pSS patients are more susceptible to serum sickness (-like) disease compared with patients with RA and SLE. The distinction in the latter groups of patients could be attributable to their frequent exposure to intensive immunosuppressive regimens including biological agents prior to RTX medication, whereas pSS patients are less tolerant to RTX infusion. The higher susceptibility to serum sickness per se could be innate, particularly in patients with active, early and progressive stages of pSS (Meijer et al., 2010). Interestingly, HACAs (human anti-chimeric antibodies) and serum sickness-like symptoms were reported in patients with early pSS alone rather than MALT/primary SS (Pijpe et al., 2005).
To reduce the adverse effects (infusion reactions, and serum sickness), a majority of patients should undergo pretreatment or post-treatment with other medication involving prednisone, acetaminophen, methylprednisolone, acetaminophen, clemastine, diphenhydramine, and chlorphenamine. Interestingly, Devauchelle-Pensec et al. (2007) Decrease the infusion rate instead of any concomitant treatment, indicating the good tolerance of low-dose RTX infusion, independent of corticosteroid regimen (Devauchelle-Pensec et al., 2007). Herein, the medication discussed above is proper but does not necessarily have a special efficacy to relieve the side effects, since the effect of RTX therapy on infection risk is very complex in the context of RA. The list may illustrate this complexity: 1) inconsistent RTX dosing regimens in RA; 2) RA patients receiving RTX have previously undergone varied treatments, including synthetic DMARDs, biologic DMARDs, and glucocorticoids; and 3) the elevated susceptibility at baseline to infections in patients with RA predisposes more complex adverse events of RTX. These views can hopefully serve as a reference for pSS.
In brief, an elevated susceptibility to infections and mortality associated with hypogammaglobulinemia after RTX treatment has been identified, which emphasized the necessity of follow-up of patients with hypogammaglobulinemia, with immunoglobulin levels assessed prior and subsequent to RTX regimen. Given the elevated medication of RTX, clinical practitioners are supposed to be aware of RTX-related hypogammaglobulinemia. Prior to commencement of RTX regimen, routine determination of immunoglobulin levels and baseline B-cell counts are prerequisite to preclude a potential immunodeficiency. In case of hypogammaglobulinemia, close supervision of clinical infections and laboratory results should be emphasized as well as referral to a clinical immunologist for further evaluation. Subsequent to the RTX regimen, regular laboratory evaluation should be ordered to screen out patients with persistent immune dysfunction who may benefit from IgR (Barmettler et al., 2018).
Routine practice of RTX medication in pSS includes either two doses of 1,000 mg or four doses of 375 mg/m2, yielding similar outcomes of B-cell depletion. It also provides contraindications in RTX dosage and depletion of B cells (Cornec et al., 2016a), so are the infusion reactions. Of note, no dramatic distinction in infection rates were observed between placebo and RTX groups (Dass et al., 2008).
Other side effects and adverse reactions are also reported in studies involving gastroenteritis (Dass et al., 2008). Some patients present with ankle arthritis with swollen joint and hives of the lower limbs. J. Pijpe et al. (2005) reported two cases of purpura following the second infusion of RTX and biopsy of a purpuric lesion showed perivascular lymphocytic infiltration in the dermis and subcutis with nuclear debris (Pijpe et al., 2005).
DISCUSSION
Different Outcomes Between the Studies
Various randomized clinical studies of RTX treatment of Sjögren’s syndrome lead to different treatment results. Some small-sample pSS studies have shown that anti-CD20 therapy has a certain effect, whereas the two larger RCTs (TEARS and TRATTISS) did not meet their expectations (Devauchelle-Pensec et al., 2014; Bowman et al., 2017). This difference in efficacy may be due to distinction of patient groups in different studies and the outcome parameters used. Other reasons for the inconsistency of research results can be attributed to the following points: differences between groups of patients; different indexes evaluated after treatment, including the evaluation criteria of each index, and different evaluation tools; differences in the design of each study, including the differences between single-center and multi-center recruitment. All in all, there is a lack of consistency in evaluation criteria in clinical trials, as illustrated in clinical studies. Despite certain positive results regarding the efficacy and safety of RTX in the therapy of pSS, the trials are still limited. Therefore, a standardized, verifiable and reliable clinical disease activity index is urgently needed in future researches (Vissink et al., 2012). Despite the consumption of blood B cells in the body for the efficacy of RTX, some clinical studies have not widely adopted basic immunological examination methods in the treatment of pSS with RTX. This includes regular determination of immunoglobulin levels prior and subsequent to RTX therapy. Given this circumstance, it is difficult to ascertain whether these patients have potential immune dysfunction or secondary immune deficiency.
Potential Mechanisms of Failure and Relapses After Rituximab Treatment
The time required for clinical remission after RTX treatment depends on many factors. A key factor is the time course for the departure of CD27+ memory B cells from the BM to the arrival at the spleen and lymphatic nodes (LNs), and development of self-reaction (Roll et al., 2008). There is evidence that by 2 years after RTX, the levels of memory cells have been reduced by over 50% versus their pretreatment measurements, which suggested the requirement of prolonged duration for remissions (Anolik et al., 2007). Paradoxically, it is well documented that longer remission occurs in the case of entry of fewer memory cells into the germinal centers of LNs and spleen and development of plasmablasts and plasma cells (Rehnberg et al., 2009).
The efficacy of RTX is relatively short-lived, and patients who receive treatment often relapse. The prevalence of recurrence is closely correlated with the follow-up duration. Generally, prolonged follow-up duration would reveal higher prevalence, even as high as 70–85% (Wang et al., 2015). A single medication routinely provides validity for 9–18 months (Edwards et al., 2007). The above results indicate that in the event of RTX discontinuation, patients would be denied long-term clinical remission and the consequent recurrence, which is comparable to the context of B-cell repopulation in PB. RTX can deplete peripheral B cells but avoid CD20 plasma cells and a lesser percentage of B cells in the tissue.
Failure of RTX treatment can be attributable to the persistence of pathogenic autoantibodies secreted by plasma cells. A large majority of patients with initial response to RTX subsequently have a relapse in the process of B-cell reconstitution, as is the case of reunion between antigens and their acquainted RTX-resistant memory B cells or reinitiation of an autoimmune response by new B cells in a microenvironment favorable to a tolerance breakdown in the process of B-cell lymphopoiesis. Recurrence usually occurs after the regenerated CD20+ B cells restores to the pretreatment level. Hence, larger trials are invited to authenticate approaches to responder selection and the optimal therapeutic options so as to improve the efficacy of RTX in the regimen for pSS.
The increased entry of B cells from BM into the microenvironment (Becerra et al., 2015) would lead to the differentiation of self-reactive B cells via appropriate signaling (Cambridge et al., 2014). At the active stage of the disease, the levels of BAFF and autoreactive plasmablasts in PB increase. However, regardless of the BAFF levels in the serum, the BAFF-R expression of naïve and memory B cells at relapse would decrease. The regeneration of self-reactive memory B cells and/or plasmablasts is accompanied by relapse, which can help to predict recurrence. Soluble-free light chains and CD23 also played an essential part in the differentiation of plasmablasts which had developed at an early stage of relapse (Ehrenstein and Wing, 2016). In the course of relapse, CD95+ CD27+ cells that secrete pro-inflammatory TNFα and IL-10 have a larger proportion than transitional cells in PB (Brezinschek et al., 2012). In the microenvironment of the germinal center, persistence of memory B cells is free from T cell interaction but pivotal to their differentiation into long-lived plasma cells (Johansson-Lindbom and Borrebaeck, 2002), wherein proinflammatory autoreactive B cells express Ki67 marker on pre-B and immature B cells from the BM, whereas kappa-deleting recombination excision circles are noted for migration of transitional cells (Shahaf et al., 2016).
In addition, one of the adverse reactions in B cell depletion therapy is significant infection, which leads to sepsis and death due to immunosuppression. Fortunately, IVIg brings hope to reduce such risks. Late-onset neutropenia related to pneumonia and heart problems is worth noting. From a panoramic point of view, some researchers have proposed that anti-CD20 therapies currently available cannot restore the patient to a prior immunity akin to the ‘tabula rasa’ (i.e., a blank slate), wherein all the prior levels reminiscent of memory and proof of (auto) immune responses have been eradicated. Processes that are critical to central and peripheral tolerance, such as energy deficiency, receptor edition and deletion, are free from RTX, thereby unable to annul autoimmunity. Consequently, autoreactive B cells produce inflammation hand in hand with autoreactive T cells, leading to pathological changes in the microenvironment and recurrence of autoimmune diseases.
Limitations of Rituximab Monotherapy
Despite the safety of RTX to date, evidence of the long-term efficacy and safety of RTX “monotherapy” in pSS is still scarce. Before approval of the RTX medication combined with other biological products, a large-scale randomized controlled trial of pSS patients with prolonged follow-up is prerequisite. In theory, the combination therapy of RTX and other biological agents should be beneficial, such as a combined therapy targeting CD20 (RTX) and BAFF. In addition, to our knowledge, for certain pSS patients with severe extraglandular manifestations (such as vasculitis, nephritis, or polyneuropathy), RTX alone is far from enough. Therefore, the regimens for these individuals would require more potent immunosuppressive therapy.
Another drawback of RTX therapy is not the mere adverse autoimmune response affected, but the beneficial humoral response as well. Despite the vague pathogenic mechanism of autoantibodies and incomplete knowledge of all autoantigens, the onset of tolerance to autoreactive B cells will be delightful. Hence, autoantigen-specific B cell-targeted therapies would bring prospect, by depleting or silencing pathogenic self-antigen-reactive cells whilst retaining B cells required for immune defense. More frequently, it is the differentiated daughters of autoreactive B cells that generate autoantibodies and mediate the disease. Nevertheless, regimens with pan-B cell depleting agents, such as RTX and belimumab (anti-BAFF), are imperfect on the grounds that these agents are non-specifically targeted, and cannot discriminate pathogenic B cells from non-pathogenic, thus leading to the comprehensive suppression of humoral immunity. Although prior immunity could be retained, the newly developed immunity would be invalidated in the encounter with pathogenic strangers, such as SARS-CoV-2. Moreover, despite the typical duration of 6–12 months of B cell depletion following treatment termination, patients in some cases had never stored to their initial B cell population (Venhoff et al., 2014). Finally, anti-CD20 regimens target most of B cell subsets merely retain antibody-producing plasma cells, without expressing CD20 on their cell surface. This finding may explicate, at least in part, the inconsistent responses to therapy for diseases such as SLE and rheumatoid arthritis (RA), wherein autoantibodies might be incompletely reduced. Therefore, the optimal antigen-specific therapies would be those targeting the pathogenic B cells including plasma cells, and meanwhile rendering the immune system function intact.
Combination Therapy to Improve Rituximab Efficacy
To date, one of the challenges in pSS treatment is the lack of optimal strategies to prevent lymphoma in patients at high risk of SS and to effectively manage SS-related lymphoma. The efficacy of anti-CD20 therapy on marginal zone B cells in the murine model for human CD20 expression was identified only before anti-BAFF treatment (Gong et al., 2005). Belimumab, a monoclonal anti-BAFF antibody against human BLyS protein, is a registered agent in the therapy for SLE. It is worth noting that two clinical studies are currently underway to verify the effects of rituximab-belimumab as a sequential therapy for SLE (NCT02260934 and NCT02284984 on clinicaltrials.org). As for further strategies for pSS therapy, a report described that belimumab combined with RTX may be useful for SS-related B-cell lymphoproliferation and overexpressed B-cell activating factor (BAFF) in MALT. It may reduce the effect of RTX in the therapy of SS. Furthermore, no related side effects were reported after continuous negative serum cryoglobulin and rheumatoid factor treatment, suggesting efficacy and safety (De Vita et al., 2014). In this case, a multi-center, double-blind, randomized clinical trial (RCT) is underway (NCT02631538 on clinicaltrials.org). In one pSS patient with refractory cryoglobulinemia vasculitis comorbid with low-grade MALT lymphoma, the combined regimen of belimumab and rituximab yielded dramatic improvement of vasculitis and complete remission of lymphoma (Chen et al., 2016).
According to Advani and others, CD47-blocking antibody Hu5F9-G4 in combination with RTX can benefit patients with non-Hodgkin’s lymphoma (Advani et al., 2018). The anti-tumor efficacy of anti-CD20 therapy is reportedly related to antibody-dependent cytotoxicity (ADCC), including NK cells and macrophages and the involvement of CD8+ and CD4+ T cells. Hence, the combination of RTX and IL-2 has undergone preclinical testing and clinical trials (Eisenbeis et al., 2004; Casadesús et al., 2020). Other researchers have developed an antibody-drug conjugate (ADC) rituximab-vcMMAE, which delivers highly cytotoxic drugs directly to CD20-positive cells to abate RTX resistance and elevate the efficacy of RTX (Abdollahpour-Alitappeh et al., 2018). In addition, with respect to patients who are intolerant to RTX, ofatumumab is a completely humanized anti-CD20 monoclonal antibody, which has been confirmed to be safe and may be a valuable alternative for patients with RTX intolerance (Chen et al., 2019). However, further research is still required to assess the effectiveness and safety of ofatumumab in combination with RTX.
CONCLUSION
The option of therapeutic agents for autoimmune diseases should be centered around the need for explicit solutions to scientific fact-based, predictive indicators of progression, prognosis, promise of long-lasting clinical remission free from further treatment as well as safety, paucity of immediate and long-term adverse events, facility in access, simplicity in management and guaranty of a good quality of life. With the advent of novel targeted therapies, knowledge of evaluation of patients with pSS will increase, which will promote the conception of clinical trials and the establishment of effective therapeutic options for pSS. Thus, RTX is valuable for specific subgroups of pSS patients and serves as a general regimen for pSS.
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Interleukin-38 (IL-38), a new cytokine of interleukin-1 family (IL-1F), is expressed in the human heart, kidney, skin, etc. Recently, new evidence indicated that IL-38 is involved in the process of different autoimmune diseases. Autoimmune diseases are a cluster of diseases accompanied with tissue damage caused by autoimmune reactions, including rheumatoid arthritis (RA), psoriasis, etc. This review summarized the links between IL-38 and autoimmune diseases, as well as the latest knowledge about the function and regulatory mechanism of IL-38 in autoimmune diseases. Especially, this review focused on the differentiation of immune cells and explore future prospects, such as the application of IL-38 in new technologies. Understanding the function of IL-38 is helpful to shed light on the progress of autoimmune diseases.
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INTRODUCTION
Autoimmune diseases are resulted from a chronic immune response to the host’s own cells, tissues, and organs and then lead to dysfunction, tissue destruction, and pathological changes (Eggenhuizen et al., 2020). According to the location of the lesion, autoimmune diseases are classified into systemic and organ-specific autoimmune diseases (Gao et al., 2021). In 2020, autoimmune diseases affected about 5–8% of the global population (Fugger et al., 2020). Genetic (Jonkers and Wijmenga, 2017), epigenetic (Jeffries, 2018), environmental (Ilchmann-Diounou and Menard, 2020), hormonal factors (Xiao et al., 2021) are considered to affect the process of autoimmune diseases. Immune cells, like T lymphocytes (Khan and Ghazanfar, 2018), B cells (Rubin et al., 2019), natural killer (NK) cells (Gianchecchi et al., 2018), and inflammatory cytokines, for instance, interleukin-1 (IL-1) (Migliorini et al., 2020), IL-15 (Patidar et al., 2016), IL-35 (Su et al., 2018), are involved in autoimmune diseases. The changes of immune cells and inflammatory cytokines stimulated by environmental factors and other risk factors may affect the occurrence of autoimmune diseases (Sumida et al., 2018; Yasuda et al., 2019). Currently, the pathogenesis of most autoimmune diseases is unclear (Wu et al., 2020), but some new immune cytokines are attracting more and more attention.
IL-38 is a novel cytokine. Similar to IL-1 receptor antagonist (IL-1Ra) and IL-36Ra, IL-38 is a typical receptor antagonist of IL-36 antagonist (van de Veerdonk et al., 2012). It is usually expressed in the skin (Han et al., 2019), spleen (van de Veerdonk et al., 2018), synovial (Boutet et al., 2019), etc. in healthy humans. Also, IL-38 is expressed in the B cells proliferating in skin basal epithelium and tonsils (Lin et al., 2001). Furthermore, IL-38 might exert anti-inflammatory effects by reducing the production of pro-inflammatory cytokines secreted by synovial fibroblasts and macrophages (Boutet et al., 2017). In addition, it could inhibit the production of T-cell cytokines IL-17 and IL-22 (Yuan et al., 2015). Notably, the expression level of IL-38 is abnormal in rheumatoid arthritis (RA) patients, and IL-38 can restrain inflammatory responses in collagen-induced arthritis (CIA) mice via Sirtuin1/Hypoxia-inducible factor-1α (SIRT1/HIF-1α) signaling pathway (Xu et al., 2018; Pei et al., 2020). Overall, IL-38 might participate in regulating autoimmune diseases.
More evidences showed that IL-38 might play roles in the balance of immune cells with regulation of cytokines as a mechanism to participate in autoimmune diseases, suggesting that IL-38 may impact autoimmune diseases (Mora et al., 2016; Xie et al., 2019). This review discussed IL-38 and autoimmune diseases, as well as the function and regulatory mechanism of IL-38 in autoimmune diseases. PubMed and ScienceDirect electronic databases were searched systematically without restricting the languages and year (up to 2021). Search terms included “IL-38” combined with “autoimmune diseases” or “inflammation” or “systemic lupus erythematosus (SLE)” or “RA” or “psoriasis” or “inflammatory bowel disease (IBD)” or “autoimmune thyroid disease (AITD)” or “multiple sclerosis (MS)” or “primary Sjogren’s syndrome (pSS)” or “Behcet’s disease (BD)” or “genome editing.” Particularly, this reviewpaid attention on that IL-38 may regulate autoimmune diseases by regulating immune responses, which will help to understand IL-38 and provide an abundant basis for clinical treatment and drug research.
OVERVIEW OF IL-38
IL-38, a newly discovered cytokine, is located on chromosome 2q13-14.1 (Gianchecchi et al., 2018). It was identified by researchers in 2001 using a high-throughput cDNA sequence and renamed in 2010 (Dinarello et al., 2010; Xie et al., 2019). IL-38 has a molecular weight of 16.9 kd, lacks a signal peptide, and consists of 5 exons. The most common amino acids are glutamic acid, alanine, and leucine; followed by glycine, proline, and serine (Yuan et al., 2015). Besides, IL-38 is part of IL-1family (IL-1F). And IL-1F is composed of anti-inflammatory and pro-inflammatory cytokines, for instance, IL-37, IL-1β (Dinarello, 2019). On the one side, IL-37 could transform the cytokine expression from pro-inflammatory to anti-inflammatory via regulating macrophage polarization and lipid metabolism (Yang et al., 2019). On the other side, IL-1β could directly activate the gammadeltaT17 (γδT17) cells in mice and stimulate keratinocytes (KCs) to secrete chemokines, resulting in inflammatory responses and then leading to skin inflammation (Cai et al., 2019). In view of the above-mentioned facts, IL-38 might have anti-inflammatory or pro-inflammatory effects like its family members (Figure 1).
[image: Figure 1]FIGURE 1 | Effects of IL-38 on different cells. IL-38 affects the secretion of different cells such as Th17 cells, γδT cells, PBMCs, BMDMs, macrophages, THP-1 cells, etc., thereby inhibiting the production of related cytokines (IL-17, IL-22, IL-23, etc.) or promoting the production of related cytokines (IL-6 and APRIL). The inhibition or promotion effect may impact autoimmune diseases.
Broadly speaking, IL-38 is secreted by various immune cells, for instance, B cells (Xie et al., 2019). Notably, as a B cell product, the relative deficiency of IL-38 is related to increased systemic inflammation in metabolic diseases, cardiovascular, and aging (de Graaf et al., 2021). Generally, IL-38 is expressed in human heart, thymus etc. (Bensen et al., 2001), but not in T cells in the tonsil (Kumar et al., 2000). Also, it was abnormally expressed in colonic tissue of colorectal cancer (CRC) (Chen et al., 2020). The CRC patients with high level of IL-38 versus the low level groups had a longer survival time. In addition, in the antibody-induced arthritis mouse model, IL-38-deficient mice performed a high degree of joint inflammation than wild-type mice (Takenaka et al., 2015). This data showed that IL-38 might be related to different diseases.
There are many immune cells and signaling pathways in mechanism that may regulate the diseases progression via IL-38. For instance, IL-38 can promote tumor growth in lung cancer tumor microenvironment via regulating CD8+ tumor-infiltrating lymphocytes (Kinoshita et al., 2021). It suggested that IL-38 may participate in lung cancer by regulating immune cells. Additionally, IL-38 binds to the receptors via nuclear factor kappa-B (NF-κB), activating protein-1 (AP-1), and c-Jun N-terminal kinase (JNK) signaling pathways to regulate the inflammatory cytokines generation (Xu and Huang, 2018). This data indicated that IL-38 might be related to autoimmune diseases. Furthermore, IL-38 may affect the mechanism of autoimmune diseases in regulating the balance of anti-inflammatory and pro-inflammatory.
OVERVIEW OF AUTOIMMUNE DISEASES
Autoimmune diseases are due to the loss of immune tolerance to self-antigens, leading to immune responses to self-organizations (Watad et al., 2017). More than 100 kinds of autoimmune diseases have been differentiated (Vangoitsenhoven and Cresci, 2020). Autoimmune diseases are classified into organ-specific [primary biliary cirrhosis (PBC)] and systemic autoimmune diseases (RA) (Jeffries, 2018). In 2020, autoimmune diseases affected about 5–8% of the global population (Fugger et al., 2020). The cause of autoimmune diseases is multifactorial. Genetics, environment and immune responses are considered to be relevant to the progression of autoimmune diseases (Li et al., 2019).
Generally speaking, chronic and intermittent inflammation and the destruction of tolerance are the main pathogenesis of autoimmune diseases, in which B and T cells may be involved (Singh et al., 2012; Gianchecchi et al., 2013; Gupta and Louis, 2013; Romo-Tena et al., 2013; Khan and Ghazanfar, 2018; Barnas et al., 2019). On the one side, continuous stimulation of dendritic cells (DCs) by autoantigens will enhance the activity of B cells and drive autoreactive B cells to produce autoantibodies and pro-inflammatory cytokines (Toubi and Vadasz, 2019). On the other side, T lymphocytes are crucial to regulate the immune system (Khan and Ghazanfar, 2018). Currently, many autoimmune diseases could be regulated by various immune cells. For instance, CD22 and CD72 inhibited the proliferation of regulatory B cells, which can regulate MS and type 1 diabetes mellitus (T1D) (Tsubata, 2019). Understanding the role of various immune cells in different autoimmune diseases can help enrich treatment options.
In terms of treatment, there are many feasible methods, such as traditional drug therapy (Jiang et al., 2020), immunotherapy (Terry and Oo, 2020). For example, the IL-6 inhibitor, tocilizumab was well applied for treatments of RA (Tanaka et al., 2018). Moreover, the IL-1F, for instance, IL-18, participated in regulating the immune response in autoimmune diseases and provided opportunities for new therapies of autoimmune diseases (Migliorini et al., 2020). Like other IL-1F cytokines, IL-38 may participate in autoimmune diseases. The interleukin cytokine therapy is a kind of treatment method that is gradually increasing and pretty effective. It is also a bright way to use more and more interleukin cytokines as the research direction.
THE FUNCTION ROLE OF IL-38 IN AUTOIMMUNE DISEASES
IL-38 plays a role in immune cells, for instance, B cells and T cells, while autoimmune diseases are related to immune cells (Singh et al., 2012; van de Veerdonk et al., 2012; Romo-Tena et al., 2013; de Graaf et al., 2021). And IL-38 might impact the process of autoimmune diseases mediated via immune cells (Garraud et al., 2018). Besides, IL-38 is expressed in different autoimmune diseases accompanied by different levels, which may further affect autoimmune diseases (Tables 1–3) (Figure 2).
TABLE 1 | The expression and function role of IL-38 in autoimmune diseases.
[image: Table 1]TABLE 2 | The expression level of IL-38 in tissues of autoimmune diseases.
[image: Table 2]TABLE 3 | The expression level of IL-38 in cells of autoimmune diseases.
[image: Table 3][image: Figure 2]FIGURE 2 | The function role of IL-38 and its related autoimmune diseases. IL-38 is expressed in kidney, synovium, skin, intestinal tissues, etc., and causes related autoimmune diseases, such as SLE, RA, psoriasis, etc.
SLE
SLE, an incurable autoimmune disease, is due to inappropriate immune responses to nucleic acids containing cellular particles from the innate and adaptive immune system (Qiu et al., 2021). The deposition of autoantibodies in kidney, skin, and lung is a characteristic of SLE (Bialas et al., 2017). The clinical manifestations of SLE are quite diverse, but common ones mainly include rash, arthritis, and constitutional symptoms. On the other side, SLE patients perform severe organ-threatening complications, like lupus nephritis (Dorner and Furie, 2019). In 2021, the incidence rate is 0.3–31.5 per 100,000 people per year and the adjusted prevalence worldwide is approaching 50–100 per 100,000 people (Fanouriakis et al., 2021). In addition, there are evidences to support the close relationship between IL-1F cytokines and SLE. For instance, IL-33 neutralization can suppress lupus disease in lupus-prone mice, indicating that IL-33 blockade has protective effects on SLE (Li et al., 2014). As a novel cytokine, IL-38 might participate in the process of SLE.
A research demonstrated that the serum level of IL-38 was expressed in SLE patients and the concentration of IL-38 was related to the risk of renal and central nervous system (CNS) complications (Rudloff et al., 2015). However, Takeuchi et al. (2018) indicated that only one of the 19 juvenile-onset patients had elevated IL-38 level and the level was decreased after treatment. Nevertheless, specific datas were not shown. Furthermore, Xu et al. (2020a) reported that compared with volunteers, the mRNA level of IL-38 in peripheral blood mononuclear cells (PBMCs) of SLE patients was increased. In vitro, silencing endogenous IL-38 in PBMCs caused an apparent augment in the lupus-associated mediators IL-6 and APRIL (a proliferation-inducing ligand) (Fanouriakis et al., 2021). Additionally, serum level of IL-6 significantly was increased in active patients (Thanadetsuntorn et al., 2018). Also, elevated urine IL-6 level in SLE patients was related to disease activity and the presence of active urine sediment. The level of IL-6 in SLE active urinary sediment patients was higher than normal or inactive urinary sediment patients (Peterson et al., 1996). Of note, Stanescu et al. (2018) showed that saliva may be utilized to monitor IL-6 level and inflammatory status in SLE patients. In conclusion, IL-6 is of great significance in SLE. On the other hand, APRIL level was significantly correlated with proteinuria and renal histological activity index (Samy et al., 2017). Patients with elevated serum APRIL level had severe proliferative glomerulonephritis, for instance, fibrinoid necrosis (Treamtrakanpon et al., 2012). This data suggested that APRIL may be useful for further study of SLE.
In Murphy Roths Large (MRL)/lpr model mice, the expression level of IL-38 was decreased in spleen and thymus than control groups (Chu et al., 2017). After IL-38 treatment, lupus-like clinical symptoms histopathological features of skin and nephritis in mice were relieved. It was observed that the inflammatory infiltration in the stained skin sections of mice treated with IL-38 was decreased. In addition, the glomerulonephritis score of IL-38 treatment group was significantly decreased, mainly manifested as the improvement of glomerular mesangial thickening and proliferation (Chu et al., 2017). In brief, IL-38 can alleviate the symptoms in SLE mice and may have a protective effect on SLE.
RA
RA is a chronic immune-mediated disease, in which various immune cells and signaling networks malfunction to trigger a maladaptive tissue repair process leading to organ damages and various degrees of disability (Pandolfi et al., 2020; Weyand and Goronzy, 2021). Joint dysfunction, cartilage injury, and debilitating pain are typical symptoms of RA (Magyari et al., 2014). In 2021, Hansildaar et al. (2021) have stated that the prevalence of RA is up to 1%. Although the development and progression of RA is still not completely clear, different interleukin cytokines, for instance, IL-6 (Pandolfi et al., 2020) and IL-37 (Wu et al., 2021) are involved in RA. As an interleukin cytokine, IL-38 may get involved in RA.
Recently, Xu et al. indicated that serum level of IL-38 in RA patients was abnormal (Xu et al., 2018). Moreover, compared to osteoarthritis (OA) and psoriasis arthritis (PsA), the expression level of IL-38 was higher in plasma, synovial fluid, and synovium of RA patients (Boutet et al., 2016; Boutet et al., 2020). In vitro, after IL-38 overexpression, the levels of IL-6, IL-23, and tumor necrosis factor-α (TNF-α) in human acute monocytic leukemia cell line (THP-1) were decreased (Boutet et al., 2017). In addition, in CIA mice, the mRNA expression level of IL-38 in joints significantly was increased (Boutet et al., 2016). Moreover, after injection of adeno-associated virus IL-38 (AAV IL-38) into the joints of CIA and serum transfer induced arthritis (STIA) mice, the clinical inflammatory score was decreased significantly, accompanied by decreased macrophage infiltration and decreased expression levels of IL-17, IL-22, IL-23, and TNF-α (Boutet et al., 2017). Overall, IL-38 may influence the pathogenesis of RA, but the specific mechanism needs further exploration.
Psoriasis
Psoriasis, an inflammatory disorder mediated by chronic immune, is featured by skin changes and systemic manifestations (Greb et al., 2016). Plaque psoriasis, inverse psoriasis, guttate psoriasis, erythrodermic psoriasis, and pustular psoriasis are five types of psoriasis (Ghoreschi et al., 2021). In 2021, the prevalence of psoriasis is known in only 19% of the countries in the world and the distribution is uneven in different geographical regions. The overall prevalence rate ranges from 0.1% in Asia to 1.5% in Europe. And the incidence of psoriasis is decreased but the prevalence rate is increased over time (Griffiths et al., 2021). In addition, psoriasis susceptibility is mainly attributed to environmental effects and genetic variation (Nussbaum et al., 2021). Although the pathogenesis of psoriasis is not completely clear, interleukin cytokines may influence in the process of psoriasis, such as IL-17 cytokines (Prinz et al., 2020). Further research on the relationship between interleukin cytokines and psoriasis, such as IL-38 and psoriasis, may help to ameliorate the process of psoriasis.
Recently, it is reported that the expression level of IL-38 was increased in normal skin but significantly decreased in peripheral blood and skin of psoriasis patients (Xie et al., 2019). Moreover, IL-38 was secreted by PBMCs and correlated with psoriasis severity (Kim et al., 2016). By restoring the physiological process of KCs proliferation and differentiation and reducing the expression of vascular endothelial growth factor A (VEGF-A), IL-38 remarkably alleviated the severity of psoriasis like phenotype induced by imiquimod (IMQ) (Mercurio et al., 2018). In vitro, IL-38 could inhibit Candida-induced IL-17/IL-22 and IL-36γ-induced IL-8 and have a protective role in PBMCs from healthy donors (van de Veerdonk et al., 2012). It can be clearly observed that in the presence of IL-38, the production of IL-17A and IL-22 induced by Candida, as well as IL-8 induced by IL-36γ was decreased, respectively. Furthermore, IL-22 may exert an anti-apoptotic effect on KCs to balance cell proliferation and apoptosis in psoriasis epidermis (Wang et al., 2020). In addition, IL-38 was abnormally expressed in mouse skin (Han et al., 2019). In psoriasis mouse model induced by IMQ, Boutet et al. (2016) found that the expression levels of IL-36α, IL-36γ, and IL-36Ra were increased at the peak of psoriasis while IL-38 level was decreased. Notably, mRNA expression level of IL-38 was negatively related to psoriasis area and severity index (PASI) and IL-17A, but positively correlated with cytokeratin 10 (CK10) expression. To sum up, the expression level of IL-38 in psoriasis is decreased, which may become a biomarker of psoriasis biological diagnosis.
IBD
IBD, characterized by chronic immune-mediated intestinal inflammation, includes ulcerative colitis (UC) and Crohn’s disease (CD) (Graham and Xavier, 2020; Liu et al., 2021). UC is confined to the colon and can lead to ulcers, severe bleeding, toxic megacolon, and fulminant colitis. Conversely, CD could influence any part of the digestive tract and lead to complications such as fibrous stenosis, fistulas, and abscesses (Chang, 2020). Currently, the number of IBD cases in the world was increased (Jakubczyk et al., 2020). In 2020, there were 3 million patients in Europe, 3 million patients in America, and more than 80,000 patients in Australia (Jakubczyk et al., 2020). Generally, genetic, and environmental factors are relevant to IBD (Sasson et al., 2021). As for the treatment of IBD, IL-37 provides a new therapeutic target for IBD (Jia et al., 2020). As a cytokine of IL-1F, IL-38 may participate in the treatment of IBD.
Fonseca-Camarillo et al. (2018) pointed that IL-38 was expressed in IBD patients, especially in the muscular layer, mucosa, submucosa, and serosa. Moreover, the expression level of IL-38 was increased both in active CD patients and inactive UC patients. In vitro, the recombinant IL-38 (rIL-38) significantly reduced the expression of pro-inflammatory cytokines in lipopolysaccharide (LPS)-stimulated RAW264.7 cells and bone marrow-derived macrophages (BMDMs), for instance, IL-1β, IL-6, TNF-α and triggered an anti-inflammatory effect (Xie et al., 2020). In addition, in the dextran sulphate sodium (DSS)-induced colitis mice, Xie et al. (2020) found that IL-38 was derived from B cells in the intestine and the expression level of IL-38 was remarkably higher. After rIL-38 treatment, the symptoms of DSS-induced colitis were remarkably decreased. Compared with the phosphate-buffered saline (PBS) treatment group, DSS-induced colitis mice given rIL-38 significantly improved colonic inflammation and structural damage, including weight loss, colon shortening, and disease activity index reduction, accompanied by the reduced expression levels of TNF-α and IL-1β (Xie et al., 2020). Overall, IL-38 might become a promising therapeutic choice for IBD.
AITD
AITD, an organ-specific autoimmune disorder, is caused by an immune attack on the thyroid due to a disorder of immune system (Antonelli et al., 2015). The main manifestations of AITD are Graves’s disease (GD) and Hashimoto’s thyroiditis (HT). Furthermore, hypothyroidism and thyrotoxicosis represent respectively the clinical hallmarks of HT and GD (Ferrari et al., 2020). AITD is attributable to the interaction of genetics and environment (Yin et al., 2020). In 2021, the prevalence of AITD accounts for about 5–20% of the whole population (Turan et al., 2021). This makes AITD one of the most prevalent autoimmune diseases (Aversa et al., 2019). The treatment of AITD has been continuously explored. It is reported that IL-1β cytokine provides the target for the developing therapeutic treatment of AITD (Zhao et al., 2013). IL-38, which belongs to the same family as IL-1β, may be related to AITD.
A study revealed that IL-38 was expressed in thyroid-associated ophthalmopathy (TAO) patients, and the expression level was increased (Pan et al., 2021). However, the expression level of IL-38 was reduced in the circulating and orbital connective tissues of TAO patients than the control group. Besides, in vitro, the increased IL-38 in TAO patients can inhibit the expression of IL-17A and IL-23R in PBMCs and inhibit inflammation in orbital fibroblasts (OFs) (Pan et al., 2021). It was obviously observed that when IL-38 was at a relatively low concentration, it can inhibit the secretion of IL-17A in PBMCs induced by IL-23R. However, when IL-38 was at a concentration of 100 ng/ml, it cannot inhibit IL-17A secretion. Also, IL-38 at relatively low concentrations (including 25 and 50 ng/ml) significantly reduced the expression of IL-6 and IL-8 induced by IL-1β in OFs (Pan et al., 2021). This data indicated that IL-38 may affect TAO. As there are few studies on IL-38 and TAO, the function role of IL-38 in TAO is not fully understood and further exploration is needed.
MS
MS, a chronic autoimmune inflammatory illness, can affect the CNS and result in severe disability (Gul et al., 2020). The typical clinical symptoms of MS are characterized by weakness, sensory loss, diplopia, decreased vision, etc (Cunniffe and Coles, 2021). Moreover, inflammation with demyelination and astrocyte proliferation and neurodegeneration are two pathological features of multiple sclerosis MS (Hauser and Cree, 2020). The prevalence of MS is from 5 to 300 per 100,000 people in the world in 2021 (McGinley et al., 2021). It is well known that the pathogenesis of MS is linked to environmental and genetic factors (Kadowaki and Quintana, 2020) (32650957). In addition, studies showed that IL-18, IL-37 and other cytokines may be involved in MS (Sedimbi et al., 2013; Wang et al., 2018). As a novel cytokine, IL-38 might be related to MS.
Recently, Zarrabi et al. (2021) evaluated serum level of IL-38 in MS patients and healthy controls by enzyme-linked immunosorbent assay (ELISA). The data indicated that the level of IL-38 in newly diagnosed MS patients was higher than previously treated patients and healthy control groups. Besides, IL-38 can limit IL-17-driven inflammation and high expression of one of its receptors, IL-1 receptor accessory protein-like 1 (IL-1RAPL1), in the CNS, indicating that IL-38 might have a disease-restricting role in MS (Carrie et al., 1999). On the other hand, experimental autoimmune encephalomyelitis (EAE) is a prototypical model for MS (Constantinescu et al., 2011). In EAE model, IL-38 was abnormally expressed via macrophages infiltrating the spinal cord. Furthermore, the clinical score and histological markers of EAE in IL-38-deficient mice were significantly decreased, which was accompanied by decreased infiltration of inflammatory cells, for instance, macrophages, and decreased expression of inflammatory markers in the spinal cord (Huard et al., 2021). This data showed that IL-38 may reduce inflammation and disease severity in EAE. To sum up, IL-38 may participate in the progress of MS.
pSS
PSS, one of systemic autoimmune diseases, can influence the exocrine glands, mainly the lacrimal glands and salivary glands. Focal lymphocytic infiltration of glands is the main characteristic (Ramsubeik et al., 2020). Furthermore, pSS also has a variety of systemic manifestations, such as polyarthritis, autonomic nervous dysfunction, lung involvement, etc (Gupta et al., 2019). In general, genetic and environmental factors may affect the occurrence of the diseases (Verstappen et al., 2018). In 2020, the prevalence of pSS is 0.01–3% of the general population (Oyelakin et al., 2020). In addition, in terms of treatments, IL-37 has an anti-inflammatory effect on pSS, which may make IL-37 a new therapeutic target for pSS (Conti et al., 2020). It is well known that IL-38 and IL-37 are both antagonists of IL-1F (Boutet et al., 2019). Whether IL-38 is used for the treatment of pSS is worth exploring.
According to the report, IL-38 was expressed in pSS patients. And mRNA and protein levels of IL-38 were up-regulated in minor labial salivary glands, mainly among infiltrating mononuclear cells and acinar epithelial cells (Ciccia et al., 2015). Inversely, Luo et al. (2020) pointed that expression levels of IL-38 and Th17 cells (including IL-17 and IL-23) were decreased in pSS patients than non-pSS group and healthy control group. And IL-17 and IL-23 could induce expression of IL-38 and form a negative loop between IL-38 and Th17 responses. Furthermore, in vitro, it was observed that IL-38 could inhibit expression levels of IL-27 and IL-23 in Th17 cells and minor salivary gland mononuclear cells (MSGMs). In addition, in the sjögren’s syndrome (SS) mice model, treated with IL-38, the frequency of Th17 cells and IL-17 protein was obviously decreased. And Th17 inflammation obviously was inhibited by IL-38. This is consistent with a previous research (Han et al., 2019). However, it was observed that IL-38 level was increased after IL-17 treatment (Luo et al., 2020). This data indicated an intimate interaction between IL-38 and Th17 inflammation. To sum up, IL-38 may inhibit pSS mainly via Th17 inflammation.
BD
BD, a chronic multi-system autoimmune disease, is characterized by a chronic, relapsing remitting course of clinical manifestations, such as skin rash, oral/genital ulcers (Akiyama et al., 2020; Gholijani et al., 2020). In 2021, Yildiz et al. (2021) finds that the total prevalence of BD worldwide is 10.3 per 100,000. Moreover, Northern Jordan has the highest prevalence rate (664 per 100,000 population), followed by Turkey (600 per 100,000 population), and Scotland has the lowest prevalence rate (0.3 per 100,000 population). Generally, genetic factors and immune abnormalities are considered to be the main causes of BD (Tong et al., 2019). As for the treatment, it is reported that IL-18 could impact the regulation of the initial inflammatory pathway in BD and the targeted treatment of IL-18 may constitute a promising new therapy for BD (Prasinou et al., 2020). This data indicated that IL-1F cytokines may be essential for treatments of BD. Exploring the relationship between other cytokines, such as IL-38, and BD may provide another option for treatments of Behcet’s disease.
In one study involving 81 healthy controls and 81 BD patients, Zarrabi et al. (2019) demonstrated that serum level of IL-38 in BD patients was decreased than healthy controls. However, serum level of IL-38 was increased in those patients with eye involvement (p = 0.046) and female patients with a positive pathergy test (p = 0.048). Female patients had higher serum level of IL-38 may be due to fewer male patients. Moreover, the evaluation of IL-38 and clinical manifestations stated clearly that IL-38 level was remarkably correlated with eye involvement. This data declared that IL-38 may participate in eye involvement in BD patients. Notably, serum level of IL-38 in healthy controls was higher than BD patients, indicating that IL-38 may have protective effects on BD (Zarrabi et al., 2019). In a word, IL-38 may play a significant role in BD. Nevertheless, the limited data in Behcet’s disease requires more animal models to probe the exact function and potential mechanism of IL-38 in BD.
THE REGULATORY ROLE OF IL-38 IN AUTOIMMUNE DISEASES
There are many pathogeneses of autoimmune diseases and many target proteins are related (Tsou and Sawalha, 2020). The regulation of different proteins involves different signaling pathways, so the regulation of signaling pathways has a very important relationship with autoimmune diseases (Banerjee et al., 2017). For example, the NF-κB signaling pathway is bound up with the inhibition of B cell differentiation and development and function of T cell (Cai et al., 2020; Blanchett et al., 2021). Also, B cells and T cells can affect the progression of autoimmune diseases (Khan and Ghazanfar, 2018; Meffre and O'Connor, 2019). It is well known that signaling pathways, for instance, NF-κB, AP-1, JNK (Yamazaki et al., 2017; Mitchell and Carmody, 2018; Yang et al., 2021) are related to autoimmune diseases.
Firstly, the low level of IL-38 protein performs as an anti-inflammatory function role via the combination of IL-36R to form the IL-38/IL-36R axis to block recruitment of the co-receptor IL-1 receptor accessory protein (IL-1RAcP) and/or it may recruit inhibitory receptors and prevent the recruitment of myeloid differentiation primary response 88 (MyD88) adaptor protein, thereby restraining NF-κB or mitogen-activated protein kinase (MAPK) signals to trigger the secretion of inflammatory cytokines (Mora et al., 2016) (Figure 3). This data indicates that IL-38 might have anti-inflammatory effects. Furthermore, the combination of IL-38 and IL-36R has inhibitory effects similar to IL-36Ra, and IL-36Ra restrains the recruitment of IL-1RAcP and blocks the signaling transduction from IL-36R (van de Veerdonk et al., 2018). Besides, IL-36Ra mutations result in the decrease of IL-36R activity that causes pustular psoriasis (Li et al., 2017). Currently, studies have supported that IL-38/IL-36R axis participates in the pathogenesis of autoimmune diseases, for example, SLE (Takeuchi et al., 2018), RA (Boutet et al., 2016), IBD (Boutet et al., 2016). To sum up, studying IL-38/IL-36R axis might provide novel choices for the treatment of autoimmune diseases.
[image: Figure 3]FIGURE 3 | The regulatory role of IL-38 in the autoimmnue diseases.
Secondly, IL-38/IL-1RAPL1 axis is formed by the combination of IL-38 and IL-1RAPL1, which has anti-inflammatory or pro-inflammatory effects (Xie et al., 2019). For example, when the full-length IL-38 combines with IL-1RAPL1, it activates the downstream JNK/AP-1 signaling pathway and then increases the production of IL-6 to play pro-inflammatory effects. However, truncated IL-38 reduces JNK/AP-1 signals and inhibits Th17 activation to reduce inflammation macrophages activated by reducing levels of IL-6 and IL-8 (Mora et al., 2016). In addition, the production of IL-38 by apoptotic cells limits the production of cytokines in macrophages by antagonizing IL-1RAPL1-dependent JNK phosphorylation and AP-1 activation (Figure 3). Changes in macrophage cytokines can make IL-38 maintain a low Th17/Treg balance, which is beneficial to autoimmunity (Li et al., 2017). Overall, IL-38/IL-1RAPL1 axis may be vital for autoimmune diseases and the specific regulatory mechanism is worth further exploring.
Finally, SIRT1/HIF-1α signaling pathway is of great importance for RA because SIRT1 could regulate the progression of RA by interacting with HIF-1α (Pei et al., 2020). In general, SIRT protein family is consisted of seven homologous genes, namely SIRT1 to SIRT7 (Shao et al., 2016). SIRT1 is a DNA dependent protein deacetylase, which plays important roles in metabolism, immune regulation, and tumorigenesis (Hughes and Herold, 2013; Yu et al., 2018). Besides, HIF-1α, a part of the heterodimeric HIF-1 transcription factoris, is a regulatory protein and oxygen sensitive monitor in the body (Zbytek et al., 2013). Also, HIF-1α has a crucial effect on innate and adaptive immune responses and is related to inflammation and pathological activity of autoimmune diseases (Guan et al., 2017). It was shown that IL-38 restrained inflammatory responses of CIA mice via SIRT1/HIF-1α signaling pathway (Pei et al., 2020). In the CIA experiments, IL-38 up-regulated the level of SIRT1, down-regulated the levels of HIF-1α, toll-like receptor 4 (TLR4) and NF-κB p65 to inhibit inflammatory responses and alleviate joint damage in CIA mice (Pei et al., 2020) (Figure 3). This data showed that the regulatory mechanism of inhibiting inflammatory responses in CIA mice of IL-38 may be relevant to SIRT1/HIF-1α signaling pathway. Futhermore, IL-38 may participate in RA via SIRT1/HIF-1α signaling pathway. If specific regulatory role between IL-38 and SIRT1/HIF-1α signaling pathway in autoimmune diseases is clearly understood, it will provide new methods for treatments.
FUTURE EXPECTATION
IL-38, a novel cytokine of IL-1F, is expressed in SLE, RA, psoriasis, IBD, and other autoimmune diseases with different expression levels of IL-38 via different signaling pathways, such as SIRT1/HIF-1α signaling pathways. Studying the function and regulatory mechanism of IL-38 in autoimmune diseases may help to provide theoretical basis and clinical methods for the treatment of autoimmune diseases. At present, some new technologies and methods have been well applied in the treatment and detection of autoimmune diseases. For example, multiplex label-free biosensor is a new proof to detect the autoantibodies in human serum diagnostics of autoimmune diseases (Orlov et al., 2020). Besides, engineered programmed death-ligand 1 (PD-L1)-expressing platelets reverse new-onset T1D (Zhang et al., 2020). Meantime, nanomaterials are used for the diagnosis and immunological imaging of T1D (Pan et al., 2020). New technologies and methods may provide a variety of treatments for autoimmune diseases.
As we all know, genome editing, an accurate and effective technology, involves DNA modifications in organisms, and includes beneficial deletions, corrections through gene replacement, and insertions (Deng et al., 2020). Besides, genome-wide association studies (GWASs) have revealed the polygenetic basis of multiple autoimmune diseases, which is essential to study the genome editing for treatments of autoimmune diseases (Pulendran and Davis, 2020). Furthermore, CRISPR/Cas9 genome editing provides a new therapeutic approach for autoimmune diseases (Mohammadzadeh et al., 2020). In fact, genome editing has been used for autoimmune diseases. For example, genetic editing to overexpress IL-37 may provide an approach to heighten the effectiveness and stability of mesenchymal stem cells (MSCs) in treating SLE (Xu et al., 2020b). IL-38, in the same family as IL-37, may be expressed in autoimmune diseases through genome editing. In the future, genome editing is likely to provide a new direction for treat autoimmune diseases by altering the level of IL-38.
In addition, as a new scientific material, nanomaterials constitute ambient ultrafine particles (UFPs) and engineered nanoparticles (ENPs) (Pollard, 2020). Nanomaterials are versatile in prevention, treatment and control of diseases (Zaheer et al., 2021). Actually, nanomaterials are beneficial to autoimmune diseases. For instance, suppressive effects of IL-27, on encephalitogenic Th17 cells induced by multiwalled carbon nanotubes, could reduce the severity of EAE (Moraes et al., 2013). Moreover, T cell-targeted nanoparticles loaded with transforming growth factor β (TGF-β) and IL-2 could induce CD4+ and CD8+ Treg cells to inhibit murine lupus (Horwitz et al., 2019). As an interleukin cytokine, IL-38 may be combined with immune cells to achieve the purpose of treating autoimmune diseases by nanomaterials. If so, it might offer a new direction and choice for the prevention of autoimmune diseases in the future.
Due to insufficient treatment options for autoimmune diseases, it is an urgent need to ameliorate the understanding of autoimmune pathogenesis so as to develop more effective methods for autoimmune diseases. Generally, current evidence supported that IL-38 may play important roles in treatments of autoimmune diseases. It may bring new directions and options for the research on autoimmune diseases.
CONCLUSION
As a new cytokine, IL-38 is mainly derived from B cells and other immune cells. It is expressed in kidney, skin, etc. Moreover, IL-38 is abnormally expressed in most autoimmune diseases. The up-regulation or down-regulation expression level of IL-38 may affect different types of autoimmune diseases via different signaling pathways, for instance, SIRT1/HIF-1α signaling pathway. Furthermore, IL-38 plays anti-inflammatory and/or pro-inflammatory roles in autoimmune diseases, for instance, SLE, RA, and psoriasis. Although the current evidence supports that IL-38 participates in autoimmune diseases, the function role of IL-38 in every autoimmune disease is not fully understood. In addition, animal experimental studies on IL-38 and autoimmune diseases are still insufficient, and more animal models need to be established to probe the exact function role of IL-38 in autoimmune diseases. Finally, signaling pathways of IL-38 need a lot of exploration in autoimmune diseases to understand its regulatory role.
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Background: Drug-induced liver injury (DILI) is a common and serious adverse drug reaction with insufficient clinical diagnostic strategies and treatment methods. The only clinically well-received method is the Roussel UCLAF Causality Assessment Method scale, which can be applied to both individuals and prospective or retrospective studies. However, in severe cases, patients with DILI still would develop acute liver failure or even death. Pharmacogenomics, a powerful tool to achieve precision medicine, has been used to study the polymorphism of DILI related genes.
Summary: We summarized the pathogenesis of DILI and findings on associated genes and variations with DILI, including but not limited to HLA genes, drug metabolizing enzymes, and transporters genes, and pointed out further fields for DILI related pharmacogenomics study to provide references for DILI clinical diagnosis and treatment.
Key Messages: At present, most of the studies are mainly limited to CGS and GWAS, and there is still a long way to achieve clinical transformation. DNA methylation could be a new consideration, and ethnic differences and special populations also deserve attention.
Keywords: pharmacogenomics, drug-induced liver injury, gene polymorphism, precision medicine, pharmacogenetics
INTRODUCTION
Drug induced liver injury (DILI) refers to the liver injury induced by all kinds of prescription or non-prescription chemical drugs, biological agents, traditional Chinese medicine, natural medicine, health care products, dietary supplements and their metabolites or even excipients (Yu et al., 2017). Once DILI occurs clinically, medication must be stopped or modified. Drug induced liver injuries are classified into dose-dependent type and dose-independent type, or also named intrinsic type and idiosyncratic type, respectively. The majority of DILIs in clinical settings are idiosyncratic DILI and the mechanism of DILI is still under study. The onset of intrinsic DILI is caused by the direct toxicity of drugs or their metabolites, so it is predictable and the incubation period is short (several hours to several days); the onset of idiosyncratic DILI is often unpredictable and the incubation period is uncertain (Katarey and Verma, 2016; European Association for the Study of the Liver, 2019), which cannot be predicted or simulated by animal models. Patients with DILI generally suffer from loss of appetite, fatigue, upper abdominal discomfort, nausea and other digestive symptoms. When the disease aggravates, patients may develop ascites, coagulation disorders, cirrhosis, hepatic encephalopathy, etc. In addition, if DILI patients are not treated in time and progress to chronic DILI, the damaged liver cells can no longer be completely recovered even with systematic treatments, which may result in cholestasis, hepatitis, cirrhosis, etc. Shen et al. (2019) conducted a retrospective study on patients with DILI in multiple regions in China from 2012 to 2014 and found that 51.39% of DILI patients had liver cell injury and 28.30% had mixed liver injury, among which 13% had chronic DILI and the mortality rate was 0.39%. It is estimated that the annual incidence of DILI in China is about 23.80/100,000, higher than that in western countries. A population-based study in Iceland in 2013 demonstrated an incidence of 19 cases per 100,000 per year (Björnsson et al., 2013), and a study based on hospitalized cases in university hospitals conducted in South Korea estimated that the incidence rate in South Korea was 12/100,000 persons/year (Suk et al., 2012), which are all lower than that in China. Due to the harmfulness and prevalence of DILI, it is urgent to develop new technologies to prevent DILI.
As DILI often has an insidious onset and generally lacks specific clinical manifestations, biomarkers, imaging, and pathomorphological features, the Roussel UCLAF Causality Assessment Method (RUCAM) scale has been established for DILI diagnosis. RUCAM is currently the most widely used and recognized tool for the causality assessment methods for DILI. It can be applied to both individuals and prospective or retrospective studies and more than 81,000 cases of special DILI have been assessed with the RUCAM scale so far (Teschke and Danan, 2020). Clinically, when patients exhibit abnormal elevation of serum ALT and or ALP [ALT greater than 5 times the upper limit of normal (ULN) and (or) ALP≥2×ULN, with/without other clear evidence of liver damage] after drug treatment, doctors will stop the use of drug and apply RUCAM for causality assessment. Considering the patient’s age, gender, and medical history, the RUCAM scale estimates the relationship between liver injury and the usage of drug, and classifies the subtype of DILI. The R value [R=(ALT/ULN)/(ALP/ULN)] is used as a classification indicator. Misdiagnosis rate can be reduced by RUCAM but not completely eliminated. In most cases, clinical patients still choose to pay attention to the changing trend of hepatic enzymatic indexes to judge the degree of liver damage caused by drugs. Therefore, all cases mentioned in this review are based on exceeding of ALT/ALP to determine liver damage on the basis of excluding basic diseases and virus infection.
Pharmacogenomics (PGx) is a subject to study the different reactions to drugs of the population, which are caused by genetic variation and polymorphisms, so as to predict the risk of adverse reactions to drugs (Wake et al., 2019). Genetic variations affect the expressions or activities of metabolic enzymes, drug receptors and transporters, thereby increasing the risk of adverse reactions or reducing therapeutic effects, so PGX can be used as a guidance of drug treatment in clinical. Understanding the pathogenesis of DILI is conducive to understanding the important role of related genes in DILI, and understanding the correlation between DILI and the polymorphism of related genes can assist in clinical assessment of the risk of DILI and auxiliary diagnosis of idiosyncratic DILI.
PATHOGENESIS OF DILI
The pathogenesis of DILI is very complicated, since it is often the result of multiple pathways. There are several hypotheses on the pathogenesis of DILI; among them, the “three-step mechanism” (Russmann et al., 2010) is the most widely recognized (Figure 1). This hypothesis suggests that DILI is a progressive process that includes initial damage, mitochondrial damage, and cell death. Initial damage can lead to further mitochondrial permeability transformation (MPT) and eventually to apoptosis or necrosis of hepatocytes (Galluzzi et al., 2016). It can be caused by various events, such as direct cell stress, direct mitochondrial damage, specific immune response, etc. Drugs and their metabolites can cause direct cellular stress and specifically impair mitochondrial function. Excessive medication or genetic abnormality of drug metabolism enzymes will produce a large amount of active metabolites such as free radicals, which will deplete glutathione in the liver and combine with the unsaturated fatty acids of cell membrane phospholipids, resulting in peroxidation that can lead to membrane damage, ATP depletion, mitochondria damage, and liver cell necrosis. Besides, mitochondrial dysfunction in liver cells is also a major cause of initial damage. DNA damage and consumption, increased oxidative stress, and permeability changes are all manifestations of drug interference with mitochondrial function (Hu and Lou, 2020). Mitochondrial dysfunction is also directly related to the activation of some oxidative stress signaling pathways, including the mitogen-activated protein kinase (MAPK) signaling pathway (Ren et al., 2017) and the c-Jun amino-terminal kinase (JNK) pathway (Seki et al., 2012). In addition, some drugs can activate the liver’s innate immune system, leading to autoimmune hepatitis (AIH), in which the “hapten hypothesis” is crucial. The drug metabolites in hepatocytes and peptides form drug-peptide complexes, which are recognized by human leukocyte antigen (HLA) class II molecules through antigen presentation and then interact with cluster of differentiation 4 (CD4) positive T cells. The T cell receptor (TCR) on the CD4+ T cells interacts to activate the downstream surface antigen differentiation cluster 8 (CD8) positive T cells and B cells, thereby producing a large number of specific antibodies and autoantibodies, which in turn lead to liver damage (Zhan et al., 2019). Some HLA allele mutations can increase the susceptibility of liver injury to specific drugs, which supports this hypothesis.
[image: Figure 1]FIGURE 1 | Pathogenesis of DILI.
MPT can be caused not only by initial damage (such as cell stress and specific immune response), but also by the combination of drugs and their metabolites with death receptors (such as tumor necrosis factor (TNF) superfamily) that leads to the external pathway of apoptosis activation (Teng et al., 2011). In external pathways, mild initial damage may be amplified. Mild stress or other factors can make hepatocytes more susceptible to death receptors such as TNF by innate immune system regulation.
Damage to mitochondrial function will eventually lead to cell apoptosis or necrosis. A large influx of protons will be caused by MPT through inner mitochondrial membrane and prevent the synthesis of ATP. Once mitochondrial ATP is depleted, the basement membrane expands and outer membrane permeability increases, which will enable the pro-apoptotic substances such as cytochrome C to enter the cell and cause apoptosis.
DILI AND GENE POLYMORPHISM
The onset and extent of DILI varies drastically in different patients using identical drugs and the individual differences are largely due to genetics. At present, candidate gene studies (CGS) and genome-wide association studies (GWAS) have shown that specific DILI is associated with genetic susceptibility of genes.
HLA Gene
Major histocompatibility complex (MHC) is a group of genes that determine the compatibility of transplantation and are closely linked with immune response. Human MHC, also known as HLA gene complex, encodes HLA molecules or HLA antigens. It is located on chromosome 6, which consists of more than 200 genes, and can be divided into three subgroups: Class I, Class II, and Class III. Class I MHC molecules are recognized by CD8+ T cells and consist of HLA-A, HLA-B and HLA-C genes. Class II MHC molecules are recognized by CD4+ T cells and consist of HLA-DPA1, HLA-DPB1, HLA-DQB1, HLA-DRA, and HLA-DRB1. Class III MHC mainly encodes complement components, tumor necrosis factor (TNF), heat shock protein 70 (HSP70) and 21 hydroxylase gene (CYP21A and CYP21B) (Fan et al., 2017). Polymorphisms of HLA genes identified through GWAS and CGS studies as involved in DILI susceptibility are outlined in Table 1.
TABLE 1 | Polymorphisms of DILI-related HLA genes identified in GWAS and CGS.
[image: Table 1]Studies have shown that antibiotics account for the largest proportion of idiosyncratic DILI (Katarey and Verma, 2016). Among antimicrobial agents, amoxicillin-clavulanate were the first drugs found to induce DILI by certain HLA polymorphism, and many HLA genotypes have been found to increase the hepatotoxicity of amoxicillin. HLA-A*02:01, HLA-A*30:02 and other gene carriers increased susceptibility to amoxicillin-DILI, therefore these genes can be used as biomarkers for auxiliary diagnosis of DILI (Lucena et al., 2011; Stephens et al., 2013). In addition to amoxicillin, the correlation between HLA genes and hepatotoxicity induced by other antimicrobial agents has been widely studied. HLA-B*57:01 is the main risk factor for flucloxacillin-DILI and HLA-B*57:03 also show correlation (Nicoletti et al., 2019). HLA-B*14:01 was associate with liver injury induced by cotrimoxazole (Li et al., 2021), while HLA-B*35:02 increase the risk of the occurrence of DILI caused by minocycline (Urban et al., 2017). Among antifungal drug, HLA-A*33:01 was significantly correlated with terbinafine induced DILI (Nicoletti et al., 2017). For antiviral drugs, both HLA-B*58:01 and HLA-DRB1*01:02 increase the susceptibility to liver injury induced by nevirapine (Phillips et al., 2013).
Besides, central nervous system inhibitors, antineoplastic drugs, and analgesics can also lead to idiosyncratic DILI (Katarey and Verma, 2016). In cardiovascular preparations, in addition to HLA-A*33:01 that is associated with fenofibrate and ticlopidine, HLA-A*33:03 may increase the risk of ticlopidine-induced DILI (Hirata et al., 2008). HLA-DRB1*07 has been confirmed to be associated with Ximelagatran-induced DILI (Kindmark et al., 2008). Among antitumor drugs, recent studies (Bruno et al., 2020) found that multiple HLA alleles were associated with DILI induced by infliximab, and HLA-B*39:01 was identified as a potential risk factor for DILI induced by infliximab; other studies (Spraggs et al., 2011; Schaid et al., 2014; Xu et al., 2016) showed that HLA-B*57:01 and HLA-DRB1*07:01 were associated with DILI induced by pazopanib and lapatinib, respectively. Among the analgesics, DRB1*16:01-DQB1*05:02 was found to be associated with Flupirtine-related liver injury, with a 19-fold increased risk of clinically significant adverse events in people with this haplotype (Nicoletti et al., 2016).
Drug-induced liver injury caused by traditional Chinese medicine and dietary supplements has attracted more and more attention in recent years (Katarey and Verma, 2016). Polygonum multiflorum (PM) is a kind of traditional Chinese medicine widely used in the world, which has been used to tonify the kidney and nourish the liver since nearly a thousand years ago in China. At present, PM is still found in many herbal prescriptions, dietary supplements and natural drug products in some countries in Asia, Europe and America. With the increasing incidence of PM-induced DILI, the research on PM-DILI has been further deepened. The known HLA-B*35:01 allele is one of the risk factors of PM-DILI and a potential biomarker to assist in the diagnosis of PM-DILI, which was confirmed through a prospective cohort study of 72 patients treated with PM for 4 weeks and an independent replication study of 15 PM-DILI patients, 33 other DILI patients, and 99 population controls (Li et al., 2019).
Drug Metabolizing Enzymes
Drugs taken by the human body are mainly metabolized by the liver, which involves a variety of reactions and multiple drug metabolizing enzymes. Phase I metabolic reaction is the rate-limiting step for the elimination of drugs from the body, which can cause detoxification or poisoning effects. Then through phase II metabolic reaction, the drug and its metabolites are combined with endogenous substances and discharged from the body. Although this process has a detoxification effect, some active metabolites produced at the same time may also cause liver damage. The biological functions of drug-metabolizing enzymes and the inter-individual variations of related genes make them possible targets of DILI susceptibility. Polymorphisms of drug metabolizing enzymes identified through GWAS and CGS studies as involved in DILI susceptibility are outlined in Table 2.
TABLE 2 | Polymorphisms of DILI-related drug metabolizing enzymes genes identified in GWAS and CGS.
[image: Table 2]Phase I Drug Metabolizing Enzyme
Phase I metabolic enzymes are mainly involved in the oxidation, reduction and hydrolysis reactions of drugs. The cytochrome P450 superfamily (CYP) is considered to be the most important enzyme, so the role of CYP gene polymorphism on DILI deserves attention.
In the CYP1 family, patients with CYP1A1m1 rs4646903 genotype and combined genotype TC+CC have a significantly higher risk and severity of DILI after receiving nevirapine treatment (Singh et al., 2017). In addition, CYP1A2 rs2069514 is closely related to the theophylline clearance rate (Zhang et al., 2018a), which can slow down its metabolism and accumulation in the body, so the frequency of DILI is higher than other patients.
The CYP2 family is the most important research area of the correlation between gene polymorphism and DILI. It can be divided into five subfamilies. Regarding CYP2A subfamily, Chinese people with the deletion of the CYP2A6 gene are more likely to have elevated transaminase after valproate treatment (Zhao et al., 2017; Yoon et al., 2020), which significantly increases the susceptibility of liver injury in patients with epilepsy caused by valproic acid (Tanner and Tyndale, 2017). Regarding CYP2B subfamily, the fast metabolic CYP2B6 rs7254579 can increase the susceptibility to ticlopidine-induced liver injury (Ariyoshi et al., 2010), while the slow metabolic CYP2B6 (*6/*6) can increase the susceptibility to Efavirenz-induced liver injury by reducing the activity of metabolic enzymes (Yimer et al., 2012). Regarding the CYP2C subfamily, most of the early studies focused on CYP2C8 gene mutations. But a recent meta-analysis of six studies (involving 807 patients) indicates that individuals carrying CYP2C9 rs1057910 and rs1799853 mutations may suffer from liver toxicity induced by valproate (Yoon et al., 2020), especially when the drug is taken with alcohol and nevirapine. Besides, the loss of CYP2C19 rs4244285 and rs4986893 gene functions may cause clopidogrel resistance and anti-tuberculosis drug-induced liver injury (Yang et al., 2019). Although the former has not been reported about DILI, the latter is highly correlated with DILI. Regarding the CYP2D subfamily, CYP2D6 not only increases the risk of liver damage from anti-tuberculosis drugs in Chinese populations (Hu et al., 2018; Wei et al., 2020), but also causes excessive accumulation of tramadol bioactive metabolites, which can increase oxidative stress and cause liver toxicity (Qin et al., 2009; Arafa and Atteia, 2018). Regarding the CYP2E subfamily, the correlation between CYP2E1 gene and anti-tuberculosis DILI is a hot spot. Compared with genotypes including allelic variants, the CYP2E1 rs2031920 variant genotype can lead to higher CYP2E1 activity, resulting in increased levels of hepatotoxic metabolites of anti-tuberculosis drugs (especially isoniazid) (Huang et al., 2003; Tang et al., 2012).
In the CYP3 family, although in vitro hepatotoxicity model experiments of drugs related to acute liver failure indicate that high CYP3A4 activity is a risk factor (Cai et al., 2012), its allele mutation rate is low (Werk and Cascorbi, 2014). Therefore, the correlation between CYP3A4 gene polymorphism and DILI is relatively low.
Phase II Drug Metabolizing Enzyme
UDP-glucuronosyltransferases (UGT) are mainly involved in the metabolism of glucuronic acid and has detoxification effects on both internal and external compounds. Individuals with UGT1A6 (Hao et al., 2011) and UGT2B7 (Shi et al., 2014) genetic polymorphisms are at increased risk of liver injury after receiving anti-tuberculosis chemotherapy. The slow metabolites of UGT1A6 and UGT1A9 are related to the liver injury induced by tolcapone (Alfirevic and Pirmohamed, 2012), which may be due to the decrease of enzyme activity and the accumulation of toxic substances. In addition, the UGT2B7 rs7439366 allele is associated with an increased risk of diclofenac-induced liver damage (Daly et al., 2007; Petros et al., 2017), and the mechanism may be the allelic variation leading to the formation of active diclofenac metabolites that trigger DILI.
Glutathione S-transferase (GST) mainly catalyzes the combination of reduced glutathione and exogenous substrates (including intermediate drug metabolites) to promote cell excretion. The research on GST of genetic type DILI mainly focused on GSTT1 and GSTM1 (Bhattacharjee et al., 2013). A research indicates that the risk of DILI in carriers with double GSTT1/M1 null genotype is 2.70 times higher than that of non-carriers (Lucena et al., 2008), after analyzing the genomes of 154 patients diagnosed with DILI. Moreover, the effects of tacrine (Simon et al., 2000), troglitazone (Watanabe et al., 2003; Okada et al., 2011) and other drugs (Gupta et al., 2013) on DILI have been identified.
N-acetyltransferase (NAT) is a metabolic enzyme involved in the acetylation reaction. NAT2 is mainly involved in all aspects of the metabolism of isoniazid, which is also a hot spot in the study of drug-induced liver injury during anti tuberculosis (anti-TB) in the past 20 years. The polymorphism of NAT2 determines its acetylation polymorphism, so it can be divided into fast acetylation type, intermediate acetylation type and slow acetylation type. Studies have shown that carriers of NAT2 slow acetylation genotype are generally more susceptible to hepatotoxicity induced by isoniazid anti-tuberculosis drug regimens. This is similar to CYP2E1, but the effect is relatively small (Du et al., 2013; Yuliwulandari et al., 2019; Zhang et al., 2020). It is also worth noting that there are also variants of slow acetylation of NAT2 (Zhang et al., 2018b). For example, NAT2*6/*7 and NAT2*5/*6 genotypes have the highest and lowest risk of ATLI respectively among all slow NAT2 acetylators combined (Cai et al., 2012). However, these associations are different in different ethnic groups, and the correlation in Asian populations is significantly higher than that in European populations.
Transporter
In addition to the drug-metabolizing enzymes involved in the biotransformation process, there are also rich and diverse transporters in the liver. In the case of genetic factors change, pathological states, or the presence of drugs, the expression of transporters will change. This will affect the drug concentration in the body and the degree of response of the body, and hence affect the metabolism and lead to the occurrence and development of the disease. Therefore, the expression of transporters plays an important role in the occurrence and development of DILI. Among them, ATP-binding cassette (ABC) transporters and solute carriers (SLC) are particularly important. Polymorphisms of transporters identified through GWAS and CGS studies as involved in DILI susceptibility are outlined in Table 3.
TABLE 3 | Polymorphisms of DILI-related transporter genes identified in GWAS and CGS.
[image: Table 3]ABC Transporter
ABC transporter is an ATPase transporter on bacterial plasma membrane that has a very complicated mechanism. In the liver, the elimination of drugs and the excretion of endogenous substances (such as bile acids) both require the participation of ABC transporters (Davidson et al., 2008). Therefore, the genetic polymorphism of the ABC transporter is also a risk factor for DILI, and ABCC2 and ABCB1 are of particularly interest.
ABCB1 is a glycosylated 170-kDa transmembrane protein encoded by the multidrug resistance 1 (MDR1) gene and is the most deeply studied drug transporter at present (Zhou et al., 2019). ABCC2 was first discovered in cisplatin-resistant tumor cells. The multidrug resistance associated protein 2 (MRP2) encoded by ABCC2 is mainly distributed on the apical membrane of hepatocytes with polarized cells, which is an ATP-dependent amphiphilic anion export pump involved in drug transport and excretion (Baiceanu et al., 2015).
Ethnic differences may exist in the effect of ABC transporters on DILI. In African populations, the single nucleotide polymorphism (SNP) of ABCB1 rs1045642 can greatly reduce the susceptibility to hepatotoxicity of nevirapine (Ritchie et al., 2006), however, ABCB1 rs2032582 has taken the place of ABCB1 rs1045642 in Japanese patients (Fukunaga et al., 2016). ABCC2 rs717620 mutation can cause the active metabolite of diclofenac to accumulate diclofenac acyl glucuronide in the liver, leading to hepatotoxicity (Daly et al., 2007), but the Spanish population (Ulzurrun et al., 2014) does not support the role of ABCB1, ABCC2 and ABCB4 transporter gene polymorphisms in the occurrence and development of DILI.
In addition, hepatotoxicity should also be considered in the treatment of cancer patients, especially those who are treated with a combination of analgesics and anticancer drugs. The combination of fentanyl and paclitaxel can inhibit the transport activity of ABCB1 and cause hepatotoxicity, but the single application of fentanyl does not affect the expression of ABCB1 (Xie et al., 2015).
SLC Transporter
Solute carriers are the second largest membrane protein family in the human genome and contains 52 different gene families. They regulate the uptake or outflow of various basic molecules (such as sugars, amino acids, inorganic ions, neurotransmitters, hormones, vitamins, and drugs) on the cell membrane (Rives et al., 2017). Human genetic data indicate that 50% of SLC family members are associated with human diseases. For DILI, solute carrier organic anion transporter family member 1B1 (SLCO1B1) is particularly important.
SLCO1B1 has an important influence on the absorption, distribution and elimination of endogenous and exogenous substances, especially drugs (Zhang et al., 2019). For anti-TB drugs, in addition to being closely related to drug metabolism enzymes as mentioned above, the mutation of SLCO1B1*15 may also increase the susceptibility to liver injury induced by rifampicin (Li et al., 2012). For cancer patients, except the association between paclitaxel and ABCB1, SLCO1B1 rs4149056 gene variants can affect the toxicity of Chinese non-Hodgkin’s lymphoma patients receiving high dose methotrexate treatment, the hepatotoxicity of TC and CC genotypes was higher than that of TT genotypes (Yang et al., 2017).
Other
In addition to HLA genes, drug-metabolizing enzymes, ABC transporters and SLC transporters, some polymorphisms in other gene loci are also related to DILI (Table 4).
TABLE 4 | Other polymorphisms of DILI-related genes identified in GWAS and CGS.
[image: Table 4]Non-receptor protein tyrosine phosphatase 22 (PTPN22) can encode lymphatic tyrosine phosphatase and affect T cell signaling. PTPN22 polymorphism is associated with a number of autoimmune diseases, including Type I diabetes, Hashimoto’s thyroiditis and so on (Anis et al., 2011). Cirulli et al. (2019) found that except for a few African Americans and Hispanics, non-HLA mutations of PTPN22 rs2476601 increased the risk of DILI.
In addition, nuclear factor E2-related factor 2 (Nrf2) rs4243387 and MAFF rs2267373 (Chen et al., 2019), inducible nitric oxide synthase (NOS2A), BTB and CNC homology 1 (BACH1) and MAFK (Nanashima et al., 2012) have been shown to be significantly associated with anti-tuberculosis drug-induced hepatotoxicity in Chinese and Japanese populations. Chinese patients with the nuclear export protein 1 (XPO1) rs4430924 AA genotype were also at significantly higher risk of developing antituberculosis drug-induced hepatotoxicity than those with the GG genotype (He et al., 2019). In antiretroviral therapy, rs199650082 of nucleus signaling-1 (ERN1) is significantly related to DILI, while in antiretroviral therapy combined with anti-tuberculosis therapy, transcriptional variation of synaptotagmin 1 (Syt1) rs4842407 is associated with DILI (Petros et al., 2017). Syt1 is a long intergene non-coding RNAs (lincRNAs) on chromosome 12, which plays a vital role in endocytosis, exocytosis, and the perception of Ca2+ concentration during vesicle transport; a recent experiment has shown that inhibiting its expression can inhibit the invasion and metastasis of liver cancer (Xu et al., 2020).
DILI AND EPIGENOMICS
The epigenome of a cell is highly dynamic and is controlled by a complex interaction of genetic and environmental factors. Of the many epigenetic markers, DNA methylation (DNAm) is the most stable, and advances in measuring DNAm across the genome have allowed for epigenome-wide association studies (EWAS) (Rakyan et al., 2011). On this basis, existing studies have found a correlation between DNA methylation and the pathogenesis of DILI (Meier and Recillas-Targa, 2017). In addition to the genetic variation of CYP2D6 and CYP2E1 mentioned above that may increase the risk of anti-tuberculosis drug-induced liver injury (ATLI), hypermethylation of CYP2D6 and CYP2E1 may also increase the risk of liver injury induced by anti-TB drugs (Zhang et al., 2016; Wei et al., 2020). Moreover, methylation on SLC8A2, PSTPIP2 and AK2 is associated with ATLI (Huai et al., 2019).
DISCUSSION
DILI-related PGx research not only further indicates the pathogenesis of DILI and its development, but also provides some degrees of reference for the clinical application of DILI, including diagnosis, treatment and prevention.
Differential diagnosis is an important part of the DILI diagnostic scale. The diseases that need to be differentiated include various viral liver diseases, alcoholic liver diseases and other causes. Distinguishing between autoimmune liver disease and DILI is particularly difficult because certain drugs can induce or aggravate autoimmune liver disease. Patients with autoimmune liver disease are also more likely to develop DILI. Autoimmune liver disease and DILI can also be simultaneously existing. The two are mainly identified based on the following 3 points: Firstly, Detailed medical history collection, including the time and frequency of abnormal liver biochemical indicators, whether the two abnormal episodes have completely returned to normal, and the causal relationship between the use of suspected liver injury drugs. Secondly, The histopathological characteristics of liver biopsy. Thirdly, the characteristics of the response to glucocorticoids (Yu et al., 2018). There were many reported cases of liver injury after drug administration, but the causal relationship between drugs and liver injury was not clear. Einar S Bjornsson and Jay H Hoofnagle classified the hepatotoxicity literature of drugs published on the LiverTox website based on the RUCAM scale, which found that about 47% of the drugs had no clear causal relationship with liver injury in the literature (Björnsson and Hoofnagle, 2016). Therefore, it is very likely that many cases of DILI do not meet the definition; hence, a unified analysis based on RUCAM is needed.
Although the RUCAM have a relatively high diagnostic accuracy on DILI, the current diagnostic criteria still lack precision because of the variable onset time, the convert medication association of DILI, and its retrospectiveness rather than prospectiveness. Therefore, the establishment of a detailed DILI diagnostic table is the key to improving the diagnosis rate. At present, some DILI-related susceptibility genes have been incorporated into DILI genomics markers according to Guidelines for the management of DILI (Yu et al., 2017), providing new methods and ideas for DILI diagnosis. In addition, DILI and AIH have similar clinical symptoms in some cases (Chinese Society of Hepatology, Chinese Medical Association, Chinese Society of Gastroenterology, Chinese Medical Association, Chinese Society of Infectious Diseases, Chinese Medical Association, 2016), and it is now possible to enhance the differentiation by sequencing specific HLA alleles (DRB1*03:01 and DRB1*04:01) (de Boer et al., 2017; Zhan et al., 2019). It can be inferred that DILI-related PGx research not only helps to find ideal new biomarkers, but also helps to improve the accuracy of subclinical DILI differential diagnosis. However, the actual application of relevant genetic testing in clinical practice still faces limitations because the low incidence of DILI inevitably leads to a low positive predictive value (PPV) for identified genetic variations, which can also become a future research direction.
Due to the lack of specific treatments for DILI, early identification and rapid discontinuation of suspicious drugs to prevent the development of DILI are currently the most essential and effective solution (Yuan et al., 2017). Therefore, detecting the genotype of patients will help achieve the purpose of precise treatment and provide a theoretical basis for subsequent optimization of treatment plans. The main measures for the prevention of DILI taken at this stage are to avoid or reduce the dosage, but the specific dosage is mostly determined via empirical treatment, and how to accurately administer the dosage still needs to be explored. At present, there are many formulae that can be used to predict the stable dose of warfarin in the population (Xie et al., 2019). Similar to warfarin’s medication formula, combining DILI-related susceptibility gene polymorphisms with medication adverse reaction correlation and clinical data could potentially generate formulae that can effectively avoid the DILI-inducing dosage of various drugs, thereby formulating the benign dosage of different medications. If the susceptible population can be identified before the occurrence of DILI and the individualized hepatotoxicity of drugs can be accurately assessed, it will undoubtedly get twice the result with half the effort. However, current costs of genetic testing are relatively high. From the financial perspective, the scope and application value of genetic screening are still to be discussed.
DILI-related PGx research has demonstrated its unique advantages in clinical applications, but there are still some other fields for DILI related pharmacogenomics study.
Single-gene analysis can only reveal the association between the SNP of a single gene and the disease, leading to shortcomings such as high inherent noise in gene expression profile data and ignored interaction between genes, and hence fails to explain the true relationship between disease-causing genes and diseases. It is a pity that most of the analysis of DILI-related susceptibility genes so far still remains in single-gene analysis, and haplotype analysis for multiple loci is still rare. As a complex disease, DILI requires a comprehensive analysis of various possible susceptibility genes and their associations and even the effects of the correlations between various susceptibility genes on the pathogenesis of DILI. In the future, gene enrichment analysis may be taken into consideration. Genes with the same or similar functions can be defined as gene sets by classifying genes that affect drug metabolism and clearance, and differences among gene sets can be analyzed to draw conclusions closer to the truth. In addition, the possible overlaps of gene sets are also worth noting and may become a breakthrough in future research.
Studies so far have mainly used CGS and GWAS methods. Although these two methods are simple and fast, they still have shortcomings. GWAS has certain requirements for sample size. If the sample size is insufficient, it needs to make up for it through joint meta-analyses. At the same time, GWAS focuses on common gene mutations and the roles of low-frequency genes mutations are prone to be ignored, while low-frequency genes often have a high phenotype and their contribution to disease is basically the same as that of common genes. Considering this problem, it may be possible to introduce high-throughput sequencing based on GWAS research in the future to screen out low-frequency genes related to DILI. For example, in a study of lung cancer susceptibility genes in Chinese Han population (Zhu, 2017), it was found that two low-frequency missense loci in regions 2p23.2 and 7p11.2 were strongly correlated with the prognosis of lung cancer. If the role of new low-frequency genes can be discovered through the combined effect of high-throughput sequencing and GWAS, it may also indicate a new group of key genes and pathways that can affect the prognosis of patients. In addition, animal models can also be established through gene polymorphism to study the activation mechanism of DILI, so as to make the unpredictable DILI predictable. Single-cell RNA sequencing, single-nucleus RNA sequencing and RNA velocity may have advantages in the discovery of new DILI markers, but they still have limitations due to the difficulty of obtaining specimens and low utility in disease prediction. Similarly, the study of epigenetics is therefore limited (Yu et al., 2018). Thus, for patients who are only suspected of DILI and therefore unable to practice a needle biopsy, the DILI serum biomarkers discovered through pharmacogenomics can really be assisted in diagnosis and treatment, such as high mobility group box protein 1, and microRNA-122 (Fontana, 2014). In the future, human induced pluripotent stem cells may be used to establish a liver model of DILI patients without primary cells (Krueger et al., 2014), making research more accessible. In addition, the intervention of gene editing technology can also create more possibilities, such as using CRISPR/dCas9-mediated modification of DNAm to detect the effects of drugs on demethylated and hypermethylated liver cell lines, and to study the association between site-specific DNA methylation and DILI.
At present, the international PharmGKB database has collected 199 drugs, all with identified target genes or metabolic enzyme genes related to efficacy or safety, including 20 molecules and 18 genes related to DILI. However, there is only one article in China containing large-scale DILI epidemiological samples (25,927 cases) (Shen et al., 2019) and PGx research methods had not been used. Meanwhile, the sample size of other similar studies is only two to three hundred people. Perhaps in the future, a DILI case database can be established in China to collect DILI information from each hospital in a unified manner so that researchers can obtain more samples, realize data sharing, and better conduct PGx research. There are more than 1,000 kinds of drugs that can cause DILI in domestic and foreign reports, and related research is still going on now. More relevant databases may appear in the future to meet the urgent needs of scientific researchers and clinicians.
CONCLUSION
This article introduces nearly 50 HLA genes, drug metabolizing enzymes, and transporter gene polymorphisms through literature reading, and includes a wide range of drug-induced DILI. Due to the complexity of the mechanisms of DILI, here we introduce a relatively accepted explanation, while the pathogenesis is still inconclusive and needs further research. Understanding the correlation between DILI and related genes is helpful for clinical assessment of the risk of DILI and the auxiliary diagnosis of idiosyncratic DILI, so as to predict and avoid its occurrence. There are still many deficiencies in DILI-related PGx research, however, such as lack of research samples, insufficient studies on Chinese children, and defects in detection and research methods. In the future, it is necessary to conduct in-depth DILI-related PGx studies and expand relevant databases domestically and abroad in order to obtain more conclusions. And it is hoped that through these conclusions, better methods can be studied and applied to the clinic in order to more effectively reduce the risk of idiosyncratic DILI.
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Background: Chronic active Epstein-Barr virus (CAEBV) infection is one of the EBV-positive T- or NK-cell lymphoproliferative diseases. There is no safe and effective treatment currently and the only proven curable therapy is allogeneic hematopoietic stem cell transplantation (allo-HSCT). The JAK1/2 inhibitor, ruxolitinib, is now considered a novel therapy in inflammatory disease, and hypercytokinemia is an important feature of CAEBV.
Method: All patients who suffered active CAEBV and were treated with ruxolitinib as compassionate use in our center from Sep 1, 2017, and Apr 30, 2019, were retrospectively analyzed.
Results: In general, seven out of nine patients responded to ruxolitinib. Six out of seven patients became afebrile within 48 h. The AST/ALT level of three out of four patients decreased after ruxolitinib treatment. Two patients with cytopenia recovered. No significant decrease in the EBV-DNA copy number was observed (p = 0.161). For those seven patients who responded to ruxolitinib, the median continuing period in remission was 7.1 weeks (range, 3.4–101.0 weeks). Two patients achieved long-term stable remission with ruxolitinib monotherapy. None of these patients discontinued ruxolitinib due to the possible toxicity.
Conclusion: Ruxolitinib is an effective and rather safe option for controlling the inflammatory symptoms of active CAEBV, especially in patients with CAEBV who have failed previous treatments or have relapsed. It can also play a promising role in improving the quality of daily life of patients and successfully bridging to allo-HSCT.
Keywords: chronic active epstein-barr virus, ruxolitinib, treatment, hemophagocytic lymphohistiocytosis, inflammation, cytokines, JAK-STAT signaling pathway, ruxolitinib
INTRODUCTION
Approximately 95% of adults are infected with Epstein-Barr virus (EBV). Primary EBV infection is usually asymptomatic but sometimes progresses to infectious mononucleosis, which resolves spontaneously after the emergence of EBV-specific immunity. Rare populations infected with EBV develop a life-threatening condition termed chronic active Epstein-Barr virus (CAEBV) disease (Kimura et al., 2001; Okano et al., 2005). CAEBV infection was first reported in 1986 (Olson et al., 1986). In most cases of CAEBV reported in Asians or Native Americans, EBV was detected in T- or natural killer- (NK-) cells, while in western countries, EBV infected B-cells more (Quintanilla-Martinez et al., 2000; Kimura et al., 2001). CAEBV is now regarded as a prototype of EBV-associated T-or NK-cell lymphoproliferative diseases (EBV + T/NK-LPDs) (Quintanilla-Martinez et al., 2017). In certain circumstances, CAEBV will develop to hemophagocytic lymphohistiocytosis (HLH), lymphoma, or multiorgan failure, which may lead to rapid progression and finally death (Kimura et al., 2001; Kimura et al., 2012).
The three main symptoms of CAEBV are fever, lymph node swelling, and hepatosplenomegaly/liver damage, which are “IM-like symptoms” (Sawada et al., 2017). These patients often have some of the complications found in otherwise-healthy patients with acute EBV infection, but unlike healthy patients, these complications persist and progress. Even though in most conditions, the symptoms of CAEBV patients seem to be mild and self-limited, the only proven effective therapy to cure CAEBV is allogeneic hematopoietic stem cell transplantation (allo-HSCT) (Cohen et al., 2011; Kimura et al., 2012; Sawada et al., 2017). CAEBV is invariably fatal without transplantation. Antiviral therapy is ineffective. Corticosteroids or other immunosuppressive agents often relieve symptoms, but over time patients become refractory to therapy, develop progressive immunodeficiency, and usually succumb to opportunistic infections or lymphoproliferative disease (Cohen et al., 2011; Bollard and Cohen, 2018). In 2017, Akihisa Sawada et al. (Sawada et al., 2017) proposed a “3-step strategy” for CAEBV, which is Step 1 (cooling): immunochemotherapy, Step 2 (cytoreduction): multidrug chemotherapy, and Step 3 (reconstruction): allogeneic HSCT. This therapy can effectively reduce the disease burden of patients before allo-HSCT. However, with the long-term usage of corticosteroids or cytotoxic drugs, complications such as opportunistic infections may occur, thus delaying follow-up treatment. There are also some patients who cannot tolerate the radical therapy due to organ dysfunction.
JAK-STAT pathway is the final common pathway for most inflammatory reactions. The JAK1/2 inhibitor, ruxolitinib, is now considered a novel therapy in myelofibrosis, graft-versus-host disease, and HLH. Its role in these diseases is thought to extinguish inflammatory factor storms by inhibiting the JAK-STAT pathway (Maschalidi et al., 2016). In a precious report, we have already successfully treated one CAEBV patient with ruxolitinib with long time survival in our center (Jin et al., 2019). Also, for refractory/relapse HLH patients, ruxolitinib has shown impressive effects on controlling inflammation-related clinical manifestations (fever, elevated sCD25 and ferritin, and elevated cytokines) (Wang et al., 2019). Considering that CAEBV has an inflammatory aspect, as hypercytokinemia is a common feature, we conducted this study to evaluate the therapeutic effect and adverse effects of ruxolitinib in CAEBV patients.
METHODS
Patients
All patients who suffered active CAEBV and were treated with ruxolitinib as compassionate use in our center from Sep 1, 2017, and Apr 30, 2019, were retrospectively analyzed. The diagnostic criteria for CAEBV as defined in the recently revised World Health Organization classification include persistent IM-like symptoms for more than 3 months, increased EBV-DNA in peripheral blood, histological evidence of organ disease, and EBV-RNA or viral protein in affected tissues (Quintanilla-Martinez et al., 2017). Lymphoma was excluded by repeated pathological biopsy of the focal area and bone marrow biopsy.
Patients who have used CAEBV targeted therapy before (including antiviral regimen, corticosteroids, and chemotherapy), but with poor efficacy or with recurrence of CAEBV active symptoms, and patients who cannot undergo allo-HSCT immediately due to various reasons (such as financial considerations, hesitation about allo-HSCT, serious complications, and lack of donors) are included.
All patients included provided written informed consent to receive treatment with ruxolitinib and for blood sample collection.
Treatment and Evaluation
Patients received ruxolitinib as a monotherapy. Refer to the previously reported dosage of ruxolitinib in relapsed/refractory HLH (Wang et al., 2019); the dose for patients (age ≥ 14 years) is generally 10 mg twice daily. For children (age < 14 years), the dose was generally 5 mg twice daily.
Clinical and laboratory evaluations were performed before therapy and every two weeks during therapy. There have been no standard effects evaluation criteria in the treatment of CAEBV. The main clinical manifestation of CAEBV, including temperature, size of spleen and liver, levels of ALT and AST, organ infiltration (EBV-DNA or EBV coding small RNA (EBER) detected in tissue), and PBMC EBV-DNA copies, was mainly performed and evaluated.
EBV-DNA copies detection: PBMC, plasma, and other liquid specimens were amplified by real-time fluorescent quantitative PCR (qPCR) and TaqMan hydrolysis probes. The EBV-specific DNA fragments in the hydrolyzed samples were amplified, and the EBV-DNA in the samples was quantified according to the standard curve established by the standard. Pass the EBV international standard, namely, 09/260 (NIBSC number) for detection. Intracellular EBV-DNA copies were quantified by qPCR in sorted B-, T-, and NK-cells.
Adverse Effects
The main side effects of ruxolitinib are the possibility of leukopenia, thrombocytopenia, elevated transaminases, elevated bilirubin, elevated triglycerides, pneumonia, and urinary tract infection. Related indicators are monitored to evaluate the AE situation.
Outcome
The continuing remission period was calculated from the usage of ruxolitinib to the discontinuation of it. For patients who are still using ruxolitinib as of the analysis time (Oct 31, 2020), the period is calculated from the beginning of using ruxolitinib to the analysis time. The main reasons for discontinuing ruxolitinib include disease recurrence, turning to allo-HSCT, patient’s death, change of treatment plan, and long-term remission.
Statistical Analysis
SPSS 22.0 (IBM, New York/United States) statistical software was adopted, and data that did not fit a normal distribution are presented as median and range. t-test was used for data that fit a normal distribution and homogeneity of variance, and the Wilcoxon rank-sum test was used for others. p < 0.05 was considered to denote a significant difference.
RESULTS
Patients and Clinical Manifestation
A total of nine patients (median age, 16 years; range, 6–28 years), including six males and three females, with symptomatic CAEBV were enrolled (Table 1). Before ruxolitinib, all patients were presenting with typical active CAEBV signs, including fever (6/9), liver function abnormalities (4/9), hepatosplenomegaly (7/9), lymphadenopathy (6/9), lesions on scans (two with skin infiltration and one with subcutaneous nodules, liver, and bone marrow), and cytopenia (2/9). All of these patients suffered elevated EBV-DNA copies in PBMC (median 5.2*103 copies/ml, range 5.5*102–1.2*106 copies/ml). Seven patients detected intracellular EBV-DNA copies in the sorted B-, T-, and NK-cells, and they all detected EBV-DNA on T-, NK-, and B-cells.
TABLE 1 | Clinical and laboratory manifestation before ruxolitinib treatment.
[image: Table 1]Eight patients had received CAEBV targeted treatment before ruxolitinib (five patients of corticosteroids/IVIG, two patients of chemotherapy, and one patient of Pegaspargase). The median time from the diagnosis of CAEBV to the use of ruxolitinib was four months (range 0.3–39.0 months). Five patients were poorly controlled with previous therapy, and three patients experienced recurrence of active CAEBV symptoms.
Treatment and Outcome
Within 48 h of starting ruxolitinib treatment, five out of six patients suffering fever became afebrile (Figure 1). Among the seven patients with splenomegaly, two patients had their splenomegaly returned to normal after ruxolitinib treatment. The AST/ALT level of three out of four patients decreased after ruxolitinib treatment, but none of them achieved normal levels. Two patients with cytopenia recovered after ruxolitinib treatment (Figures 2A–C). In general, seven out of nine patients responded to ruxolitinib (patients 1, 2, 3, 4, 5, 6, 8, and 9). No significant decrease in EBV-DNA copy number was observed after ruxolitinib (p = 0.161) (Figure 3A).
[image: Figure 1]FIGURE 1 | Fever extinguished in patients treated with ruxolitinib within 48 h. Red arrow, ruxolitinib intervention.
[image: Figure 2]FIGURE 2 | Cytopenia recovering after treatment with ruxolitinib. (A) White blood cell count before and after ruxolitinib treatment. (B) Hemoglobin concentration before and after ruxolitinib treatment. (C) Platelet count before and after ruxolitinib treatment. WBC, white blood cells; HGB, hemoglobin; PLT, platelets.
[image: Figure 3]FIGURE 3 | The change of EBV-DNA copy number with the treatment of ruxolitinib. (A) EBV-DNA persists in the peripheral blood of patients treated with ruxolitinib. (B) The kinetics of EBV-DNA copy number in patients with long-term stable remission (patients 4 and 9) before and during ruxolitinib monotherapy.
For those seven patients who responded to ruxolitinib, the median continuing period in remission was 7.1 weeks (range, 3.4–123.7 weeks) (Figure 4). Two patients achieved long-term stable remission (considered as continuous remission for at least 48 weeks without any recurrence) with ruxolitinib monotherapy (patients 4 and 9). Both of them had stopped the treatment of ruxolitinib as of the follow-up time (Oct 31, 2020). The kinetics of EBV-DNA copy number before and during ruxolitinib monotherapy of patients 4 and 9 are presented in Figure 3B. Even though the peripheral blood of patients 4 and 9 still had low copies of EBV-DNA, there were no signs of active CAEBV until follow-up. Two patients were bridged to allo-HSCT successfully (patients 5 and 6). Three patients suffered a relapse and stopped ruxolitinib treatment (patients 1, 2, and 7). Patient 1 turned to chemotherapy and cell therapy (EBV-CTL). Patient 2 converted to chemotherapy. After eight courses, he was unable to tolerate allo-HSCT due to severe pneumonia and finally died. Patient 7 was unable to undergo allo-HSCT due to congenital heart disease. He relapsed after reducing the dose of ruxolitinib and was complicated with HLH. The HLH-directed treatment was not effective and he eventually died. The other two patients who did not respond to ruxolitinib stopped ruxolitinib and switched to other treatment plans. The details of treatment-related information were summarized in Table 2.
[image: Figure 4]FIGURE 4 | Continuing period in remission of patients treated with ruxolitinib.
TABLE 2 | Treatment details and response.
[image: Table 2]Safety
Transient leukopenia was detected in two patients (grades 2 and 3, CTCAE 5.0). Two patients suffered transaminases (grades 2 and 3, CTCAE 5.0), one of them was considered to be drug-related (non-ruxolitinib-related) liver damage, and the other was considered to be caused by CAEBV liver infiltration. No thrombocytopenia, hypertriglyceridemia, or urinary infection has been observed.
DISCUSSION
CAEBV is now regarded as a prototype of EBV-associated T- or NK-cell lymphoproliferative diseases (EBV + T/NK-LPDs) in the 2016 WHO classification (Quintanilla-Martinez et al., 2017). In certain circumstances, CAEBV will develop hemophagocytic lymphohistiocytosis (HLH), lymphoma, or multiorgan failure, which may lead to rapid progression and finally death (Kimura et al., 2001; Kimura et al., 2012). Even with a mild and self-limiting clinical manifestation, the prognosis of CAEBV is very poor. Three-year OS in patients with uncontrolled active disease is only 16.7% (Sawada et al., 2017). In a prospective analysis of 108 EBV-LPD cases, 44% of the patients died with a 46-month median follow-up period (Kimura et al., 2012). The only effective treatment strategy for a cure currently is allo-HSCT (Arai, 2019). Almost all of the current therapy, for CAEBV, except for allo-HSCT, is unsatisfactory and at best transiently delays the progression of the disease, including antiviral therapy, immunomodulatory agents, and corticosteroids. The three-step therapy proposed by Kawa et al. only provides better suppressed disease activities to bridge to allo-HSCT (Sawada et al., 2017). Considering that even though CAEBV was regarded as a kind of EBV-LPD disease, it still has an inflammatory aspect, as hypercytokinemia is a common feature (Arai, 2018; Kimura, 2018; Onozawa et al., 2018). And, in a precious report, we have already successfully treated one CAEBV patient with ruxolitinib with long-term survival in our center (Jin et al., 2019). Here, this study, to our acknowledge, is the first retrospective series of patients using ruxolitinib in CAEBV.
The overproduction of T-cell-derived cytokines, including interferon-γ (IFN-γ), and the phosphorylation-dependent activation of the Janus family kinases JAK1 and JAK2 are hallmarks of the final common pathway in inflammatory (Ohga et al., 2001; Aaronson, et al., 2002).
Ruxolitinib, the JAK1/2 inhibitor, is currently observed to be effective in the HLH mouse model (Maschalidi et al., 2016; Albeituni et al., 2019), whose role in HLH is thought to extinguish inflammatory factor storms by inhibiting the JAK-STAT pathway. Anecdotal clinical experience with ruxolitinib in HLH has been reported afterward (Broglie et al., 2017; Slostad et al., 2018; Zandvakili et al., 2018; Sin and Zangardi, 2019). In the clinical study reported by Jingshi Wang et al. (Wang et al., 2019), ruxolitinib shows efficacy when used as relapse/refractory HLH salvage therapy. In the open-label, single-center, pilot study of ruxolitinib in adult secondary HLH, it showed impressive safety and activity. In our study of CAEBV, we found out that ruxolitinib has a significant effect on controlling the body temperature of patients. Almost all fever was sustained within 48 h after ruxolitinib. It is worth noting that most of the patients in this study were patients who had failed previous treatment or had recurrence of CAEBV activity (refractory/relapse). In this case, ruxolitinib can still effectively control fever. Ruxolitinib also plays a role in reducing liver damage and helping hematologic recovery, which is considered to be caused by inflammation. However, ruxolitinib’s effect in shrinking the enlarged spleen and reducing the number of EBV copies is not satisfactory. This is consistent with the previously published results of using ruxolitinib to treat relapsed and refractory HLH, which clarified that the role of ruxolitinib is mainly focused on temperature control, reducing ferritin, sCD25, and some fatal cytokines, but does not improve the status of EBV infection. These results suggest that the effect of ruxolitinib in CAEBV is mainly concentrated on its inflammation aspect, but not on its tumor-like characteristics.
According to a previous report, ruxolitinib was considered to be able to inhibit JAK activity by competitively inhibiting the ATP binding site of JAK kinase and may not only suppress the production of inflammatory cytokines of CAEBV patients but also decrease the viable cell number of EBV-positive NK or T cell lines and PBMCs by suppressing the phosphorylation of STAT3 in cells (Kimura, 2018; Onozawa et al., 2018). However, in the observation of this study, it seems that the main role of ruxolitinib is concentrated in inhibiting the excessive inflammatory but is not able to reduce the number of living cells of EBV-positive cells. Even in the two patients with long-term remission, there is still a copy number of EBV-DNA in PBMC. The effect of clearing EBV infection cannot be achieved. In fact, in this study, the remission continuing period of CAEBV patients with ruxolitinib was also not long enough (median 7.1 weeks). EBV clearance remains the only way to improve prognosis after disease stabilization, and allo-HSCT still seems to be the only way to finally cure. But when it comes to creating the conditions for allo-HSCT, ruxolitinib provides a good option. The outcomes of allo-HSCT for CAEBV patients with an active disease were significantly poorer than those with inactive disease (Kawa et al., 2011; Arai et al., 2016). Ruxolitinib seems to be an ideal bridge between CAEBV and allo-HSCT, taking into account other current treatments, such as the serious side effects of chemotherapy, opportunistic infections with corticosteroids, and the poor effects of antiviral treatment. Besides, controlling the activity of CAEBV can not only improve the quality of life of patients but also greatly help reduce the multiorgan involvement of CAEBV and reduce the acute progression of CAEBV into the life-threatening severe cytokine storm state, HLH.
Ruxolitinib was well tolerated and with no severe adverse effects. Thrombocytopenia, the most common side effect of ruxolitinib (Ahmed et al., 2019), was not common in this study. Ruxolitinib was not discontinued because of any adverse effects and the above adverse effects were alleviated, while ruxolitinib was continuously taken. This study still has certain limitations. Retrospective studies may cause bias in the results, the number of cases is rather small, and there is a lack of research on the effective mechanism of ruxolitinib in CAEBV. In the future, large-scale, prospective, randomized controlled studies are still needed to clarify the actual role of ruxolitinib in CAEBV.
CONCLUSION
This is the first retrospective series of patients using ruxolitinib for the treatment of CAEBV. Ruxolitinib is effective in the treatment of active CAEBV in controlling body temperature and alleviating liver injury, those kinds of inflammatory status’s aspects. However, ruxolitinib did not show an ability to eliminate EBV-DNA. In general, ruxolitinib is an effective and rather safe option for controlling the symptoms of active CAEBV, especially in patients with CAEBV who have failed previous treatments or have relapsed. It can also play a promising role in improving the quality of daily life of patients and successfully bridging to allo-HSCT.
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Ulcerative colitis (UC) is a chronic nonspecific inflammation that mainly affects the mucosa and submucosa of the rectum and colon. Numerous studies have shown that endoplasmic reticulum stress (ERS)-induced autophagy plays a vital role in the pathogenesis of UC. ERS is the imbalance of internal balance caused by misfolded or unfolded proteins accumulated in the endoplasmic reticulum (ER).Excessive ERS triggers the unfolded protein response (UPR), an increase in inositol-requiring enzyme 1, and a Ca2+ overload, which activates the autophagy pathway. Autophagy is an evolutionarily conserved method of cellular self-degradation. Dysregulated autophagy causes inflammation, disruption of the intestinal barrier, and imbalance of intestinal homeostasis, therefore increasing the risk of colonic diseases. This review summarizes the pathogenesis of ERS, UPR, and ERS-related autophagy in UC, providing potential new targets and more effective treatment options for UC.
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INTRODUCTION
Ulcerative colitis (UC) is a chronic, nonspecific inflammatory disease of the rectum and colon, whose etiology is unexplained. The main symptoms of UC include hematochezia, diarrhea, abdominal pain and tenesmus (Seyedian et al., 2019; Naseer et al., 2020). UC, one of the refractory diseases of the digestive system with recurrent episodes of intestinal inflammation, is common in Western countries, with a prevalence rate of 100∼200/100,000 in Europe and North America. The number of cases reported in China has also increased significantly in recent years (Li et al., 2017; Ng et al., 2018; Feuerstein et al., 2019). UC patients tend to be relatively young, which decreases social productivity and personal quality of life (Kaplan, 2015).
Destruction of the intestinal mucosal barrier caused by the interaction of genetics, infection, immunity, and environmental pollution is the core event leading to the pathogenesis and progression of UC. Accordingly, as a major component of the intestinal mucosal barrier, damage to intestinal epithelial cells (IECs) may play a decisive role in this event (Ren et al., 2019; Yan et al., 2020). IECs, including microfold (M) cells, enteroendocrine cells, absorptive epithelial cells, goblet cells, and Paneth cells, respond to various types of immune cells, and regulate epithelial barrier function and gut microbiota (Okumura and Takeda, 2017; Soderholm and Pedicord, 2019). IECs, with a well-developed structure of the endoplasmic reticulum (ER), are one of the most metabolically exubera-nt cell types. Sustained and severe endoplasmic reticulum stress (ERS) induces autophagy through the unfolded protein reaction (UPR) in IECs, which causes inflammation. Excessive ERS can also disrupt the intestinal mucosal barrier, and ultimately lead to UC (Hosomi et al., 2015; Iida et al., 2017; Ma et al., 2017). This review is a systematic appraisal of the current literature to provide a better understanding of the role of the pathogenesis of ERS, UPR, and ERS-related autophagy in UC.
ERS IN UC
The ER is one of the largest cellular organelles, and has a complex structure (Lu et al., 2020). It is the main site of protein synthesis, folding, lipid synthesis, carbohydrate metabolism, and calcium storage (Schwarz and Blower, 2016; Stevenson et al., 2016). ERS is driven by the accumulation of unfolded and misfolded proteins in the ER (Liu and Green, 2019).
During ERS, the cell activates a response to changes in protein folding, which is called the UPR (Hetz, 2012). Moreover, the other pathway is ER-associated degradation (ERAD), which maintains ER (Olzmann et al., 2013). However, persistent ERS and UPR can induce cell death (Bernales et al., 2006). To date, the UPR is initiated by three kinds of ER transmembrane sensors, including inositol-requiring enzyme 1 (IRE1), protein kinase R-like ER kinase (PERK), and activating transcription factor 6 (ATF6) (Ron and Walter, 2007). The interaction between the heavy-chain-binding protein (BiP) and adenosine nucleotides mainly participates in these three processes (Pobre et al., 2019). Under ERS conditions, BiP dissociation activates IRE1, PERK, or ATF6, and initiates cascades of the UPR and downstream signals (Ma et al., 2017). Above all, three UPR signaling pathways (IRE1, PERK, and ATF6) are involved in the pathogenesis of UC.
IRE1 PATHWAY
IRE1 is a key factor in the severity and duration of UPR (Pincus et al., 2010). Mammalian IRE1 contains two subtypes: IRE1α and IRE1β. IRE1α is widely expressed in the human body, while IRE1β is mainly expressed in the gastrointestinal tract and pulmonary epithelial cells (Tirasophon et al., 1998; Wang et al., 1998). X-Box-binding protein 1 (XBP1) in mammals is a crucial transcriptional activator in this process. The increase in protein load in the ER activates XBP1 (Calfon et al., 2002), which can relieve ERS. Simultaneously, IRE1 can also bind to and activate tumor necrosis factor receptor–associated factor 2 (TRAF2), which is a binding protein that binds plasma membrane receptors to c-Jun N-terminal kinase (JNK), and then activates JNK (Urano et al., 2000). Regulated IRE1-dependent decay (RIDD) has dual functions: maintaining homeostasis under low ERS and inducing apoptosis by excessive ERS (Pluquet et al., 2013).
IRE1β is expressed in goblet cells, which secrete mucoprotein 2 (MUC2). MUC2 is more easily degraded by pathogens in the colon environment during UC, suggesting that MUC2 acts as a protective mucin in UC. The level of MUC2 increases sharply in IRE1β−/− mice, indicating that IRE1β can degrade MUC2 and maintain the stability of MUC2 in the intestine (Tsuru et al., 2013). Bertolotti found that IRE1β−/- mice developed colitis several days earlier than wild-type mice with dextran sulfate sodium (DSS) induced UC, indicating that IRE1β−/− mice had a marked susceptibility to DSS (Chassaing et al., 2014). IRE1α gene deletion induced the apoptosis of IECs, which destroyed the intestinal mucosal barrier and led to spontaneous colitis (Zhang et al., 2015). Therefore, IRE1 is an essential signal in the pathogenesis of UC, and its absence leads to spontaneous colitis.
MicroRNAs are also involved in UPR/ERS through IREIα, an ER transmembrane kinase-endoribonuclease (RNase). Activation of IRE1α caused decay of select microRNAs (miRs -17, -34a, -96, -125b), which inhibit translation of Caspase-2 mRNA generally. IRE1α regulated Caspase-2 translation via downregulating select anti- Caspase-2 miRNAs by cleaving select pre-miRNAs to prevent proper DICER processing of their mature forms. Thus, IRE1α cleaves select microRNAs to prevent the translation of proapoptotic Caspase-2 during ERS (Upton et al., 2012). Besides that, IRE1α induces thioredoxin-interacting protein (TXNIP) to activate the NLRP3 inflammasome and promote cell death during ERS. However, TXNIP mRNA stability during ER stress is controlled by a specific micro-RNA, miR-17. miR-17 levels decline speedily under ERS. IRE1α increases TXNIP mRNA stability by reducing miR-17. And TXNIP protein activates the NLRP3, causing Caspase-1 cleavage and interleukin 1β (IL-1β) secretion. Therefore, microRNAs indirectly regulates signaling hubs to control cell death during ERS (Lerner et al., 2012).
Transcription of the XBP1u gene regulates the ERS-mediated UPR signaling pathway. Studies found that ERS increased and goblet cells decreased in Xbp1−/− mice, which decreased MUC 2 secretion and enhanced susceptibility to experimental colitis. The expression of tumor necrosis factor (TNF-a) and C/EBP homologous protein (CHOP) increased, while the antimicrobial ability decreased (Kaser et al., 2008). Briefly, IRE1β, IRE1α, and XBP1 in the IRE1 pathway are associated with a protective effect on UC by degrading MUC2 secreted by goblet cells, protecting the intestinal mucosal barrier, improving the sensitivity of mice to DSS, maintaining the homeostasis of the intestinal environment and inhibiting the inflammation process.
PERK PATHWAY
During ERS, PERK oligomerization and autophosphorylation activate eukaryotic initiation factor 2α (eIF2α) kinase and alleviate ERS by augmenting the UPR (Ma et al., 2002; Verfaillie et al., 2012). Moreover, the expression of ATF4 was induced by phosphorylation of eIF2α (Vattem and Wek, 2004). Subsequently, the expression of CHOP increased and induced apoptosis. (Rozpedek et al., 2016). X-linked inhibitor of apoptosis protein (XIAP) is a potent inhibitor of cysteinyl aspartate specific proteinase (Caspase) activity (Eckelman et al., 2006). ATF4 promotes the degradation of XIAP, while the PERK signaling pathway downregulates XIAP synthesis through two modes: 1) reduction of the synthesis of XIAP through the phosphorylation of eIF2α and 2) degradation of XIAP through ATF4 activation (Hiramatsu et al., 2014). In addition, ATF4 induces the expression of ATF5, which can promote apoptosis (Teske et al., 2013). The repression of PERK signaling blocks the expression of most genes by overcoming ERS, and leads to cell death (Mcquiston and Diehl, 2017).
The extension of eIF2α phosphorylation results in an increase in ATF4 and CHOP expression. Moreover, high expression of CHOP mediates apoptosis in epithelial cells, which promotes the progression of UC (Waldschmitt et al., 2014). Furthermore, CHOP also stimulates MAC-1 to promote macrophage infiltration and induce reactive oxygen species (ROS) production in macrophages by upregulating endoplasmic reticulum oxidoreductin 1α (ERO-1α) (Namba et al., 2009). eIF2α phosphorylation activates nuclear factor kappa-B (NF-κB) signaling, therefore activating more inflammatory factors and disrupting the intestinal mucosal barrier (Deng et al., 2004). Okazaki found that inhibiting the dephosphorylation of eIF2α could inhibit the PERK signaling pathway and alleviate DSS-induced colitis (Okazaki et al., 2014). Specifically, the PERK pathway induced the expression of CHOP and ATF5, and degraded XIAP through ATF4. This mechanism promoted apoptosis and raised proinflammatory cytokines, which disrupted intestinal epithelial function and affected the development of UC.
ATF6 PATHWAY
The ATF6 transcription factor contains two subtypes: ATF6α and ATF6β. In the process of ERS, ATF6, released from the ER membrane, is cleaved by proteases in the Golgi apparatus and transferred to the nucleus. In the nucleus, ATF6 can bind specific DNA and initiate a series of signals to maintain ER homeostasis (Wang et al., 2000; Sato et al., 2011). In addition, ATF6 also regulates the expression of CHOP, which in turn regulates ERS (Yang et al., 2020). ATF6α induces the phosphorylation of Akt and activates the NF-κB pathway (Yamazaki et al., 2009). The absence of the SIP ATF6-processing enzyme and mutation of the S1P-encoding gene (Mbtps1) resulted in increased susceptibility to DSS-induced colitis (Brandl et al., 2009). The inhibition of ATF6α signaling can significantly generate the expression of IL-8 and TNF-α proinflammatory cytokines (Stengel et al., 2020). Therefore, the ATF6 pathway can enhance the expression of inflammatory cytokines and aggravate intestinal inflammation by activating the NF-κB signaling pathway and by expressing genetic mutations, which exacerbate the development of UC.
ERS, IMMUNE RESPONSE AND UC
ERS is responsible for the development of UC through a variety of immune responses. Related studies have found that IL-22, dendritic cells (DCs), and nucleotide-binding oligomerization domain (NOD) exhibit potential effects on the intestinal immune response. IL-22, combined with IL-17A, regulate transcription during ERS and promote apoptosis in IECs. The IL-22-ERS axis is vital in the pathogenesis of chronic colitis and might provide a new therapeutic target for future treatment (Powell et al., 2020). Interestingly, William found that ERS stimulated cloned human colorectal gland cells to produce more IL-8, and activated dendritic cells to become proinflammatory cells. This indicated that there was a previously unknown mechanism between epithelial ERS and immune activation in inflammatory bowel disease (IBD) (Rees et al., 2020). In addition, NOD-like receptors (NLRs) were pattern recognition receptors (Caruso et al., 2014). Marijke found that after thapsigarnin treatment, the NOD1/2 level and IL-6 production increased sharply. IL-6 production was significantly decreased in bone marrow–derived macrophages (BMDGs) of dithiothreitol-induced NOD1/2−/− mice compared with wild-type mice. In the NLR family, NOD1 and NOD2 induce ERS to produce more IL-6 through the IRE1α/tumor necrosis factor receptor–associated factor 2 (TRAF2) pathway, causing intestinal inflammation (Keestra-Gounder et al., 2016). Recent studies on ERS, the immune response and UC have shown that ERS can induce apoptosis in IECs and promote the expression of proinflammatory cytokines by regulating the expression of IL-22, DCs, and NOD during the immune response, thereby causing intestinal inflammation and accelerating the development of UC.
Consequently, the mechanism of ERS causing UC can be summarized as follows: 1) regulation of ERS susceptibility genes, 2) induction of apoptosis in IECs, 3) intestinal mucosal barrier dysfunction, and 4) production of pro-inflammatory cytokines, which induces intestinal inflammation and the occurrence of UC (Figure 1).
[image: Figure 1]FIGURE 1 | ERS in UC. When unfolded or misfolded proteins accumulate excessively in the ER, ERS occurs and the UPR is initiated. The UPR consists of three pathways: IRE1, PERK, and ATF6. When the cell is in steady state, the three stress-related proteins bind to GRP78. When ERS occurs, GRP78 dissociates from three kinds of receptors and activates the IRE1, PERK, and ATF6 pathways. 1) IRE1 cleaves XBP1u into more stable XBP1s, and IRE1 can bind to TRAF2 to activate JNK. The factors related to ER folding, lipid biosynthesis, and ERAD are regulated during the IRE1 reaction. 2) PERK activates eIF2α through autophosphorylation, eIF2α activates ATF4, and ATF4 induces CHOP expression, which is a cytokine that promotes apoptosis. 3) ATF6 is cleaved in the Golgi apparatus and binds to specific DNA to regulate CHOP. ERS regulates ERS susceptibility genes, induces IEC apoptosis, destroys the intestinal mucosal barrier, and produces proinflammatory cytokines, leading to UC. Abbreviations: ATF, activating transcription factor; CHOP, C/EBP homologous protein; ER, endoplasmic reticulum; ERS, endoplasmic reticulum stress; ERAD, endoplasmic reticulum associated degradation; eIF2α, eukaryotic initiation factor 2α; GRP78, glucose-regulated Protein 78; IECs, intestinal epithelial cells; IRE1α, inositol-requiring enzyme 1; JNK, c-Jun N-terminal kinase; PERK, protein kinase R-like endoplasmic reticulum kinase; TRAF2, tumor necrosis factor receptor–associated factor 2; XBP1, X-box-binding protein 1; UC, ulcerative colitis; UPR, unfolded protein response.
AUTOPHAGY IN UC
Autophagy is an evolutionarily conserved process, whose main function is to degrade endogenous biological macromolecules for recycling (Ravanan et al., 2017). In the case of nutritional deficiency, autophagy is rapidly induced by self-digestion to maintain cell vitality, and core anabolic functions are promoted under conditions of adequate nutrition (Kaur and Debnath, 2015; Yang et al., 2019). Three kinds of autophagy are found in mammals: macroautophagy, microautophagy and chaperone-mediated autophagy (Dikic and Elazar, 2018). Recent studies have reported that autophagy is regulated by autophagy-related genes (ATG) (Li and Zhang, 2019), mammalian target of rapamycin (mTOR) (Munson and Ganley, 2015), adenosine 5′-monophosphate-activated protein kinase (AMPK) (Li and Chen, 2019), Ca2+ (Hu et al., 2019) and NOD2 (Negroni et al., 2016).
ATG is involved in the formation of multiple autophagosomes, starting with the activation of the unc-51 like autophagy activating kinase 1 (ULK1) complex (Kabeya et al., 2000). Similar to the mammalian homolog of Atg8, microtubule-associated protein light chain 3 (LC3) has two forms: LC3I and LC3-II. The level of LC3-II reflects the number of autophagosomes. Recently, LC3 is a classic indicator of autophagy in mammals (Tanida et al., 2008). Paiva demonstrated that the level of LC3II is higher in UC. A decreased number of cells exhibiting colocalized LC3/p62, which was verified by immunofluorescence, indicates that autophagy is involved in the pathogenesis of UC (Paiva et al., 2018). In DSS-induced colitis, the number of Lgr5+ stem cells, the LC3II/I ratio and the level of p62 increase, which is aggravated by activating autophagy in Lgr5+ stem cells (Xie et al., 2020). Ardali found that the level of ATG5 closely relates to autophagy in the stool of UC patients and is significantly higher than that in healthy people (Ardali et al., 2020). This finding indicates that autophagy plays a central role in the pathogenesis of UC and might be used as a diagnostic marker for UC in the future.
After activation, the ULK1 mammalian autophagy complex binds to vesicles and phosphorylates ATG9. Next, at the amplification stage, ATG8 (LC3) combines with phosphatidylethanolamine (PE) to form an ATG8–PE complex, which promotes the elongation of the autophagic membrane, and the closure and formation of autophagosomes and autophagosome lysosomes (Lin and Hurley, 2016; Goodwin et al., 2017; Yu et al., 2017; Levine and Kroemer, 2019; Turco et al., 2020). ATG9A decreases in DSS-induced colitis, and the overexpression of ATG9A improves autophagy induced by rapamycin (Xu et al., 2018). The aforementioned studies indicate that ATG9 and ATG5 autophagy-related genes might be important genes in the pathogenesis of UC, thus assisting in clinical diagnosis.
mTOR forms the catalytic subunits of two different protein complexes, mTOR complex 1 (mTORC1) and 2 (mTORC2), which play an important role in protein synthesis, lipid and glucose metabolism and other physiological functions (Saxton and Sabatini, 2017). The initiation of autophagy requires the Beclin1–VPS34 core complex, and mTORC1 negatively regulates autophagy by inhibiting the ULK1 and VSP34 complex (Rabanal-Ruiz et al., 2017). Death-associated protein 1 (DAP1) has been identified as a novel substrate of mTOR. DAP1 negatively regulates autophagy by inducing apoptosis and reducing the number of autophagosomes with PERK-eIF2α (Yahiro et al., 2014). mTOR can also regulate autophagy and further regulate UC in various ways. In DSS-induced colitis, deficiency of meteorin-like protein (METRNL), secreted by IECs, deteriorated UC partially by inhibiting autophagy through the AMPK-mTOR-p70S6K pathway. METRNL deficiency aggravated UC by inhibiting autophagy, suggesting that UC can be attenuated by activation of autophagy (Zhang et al., 2020). Hypoxia inactivates mTOR and degrades p62 and LC3, reducing inflammation by restoring autophagy (Cosin-Roger et al., 2017). Zhou found that boosting mTOR-dependent autophagy through the NF-κB pathway quenches intestinal inflammation. The mTOR inhibitor AZD8055 (ATP-competitive mTOR inhibitor) alleviates experimental colitis in mice (Zhou et al., 2018). Therefore, the inhibition of mTOR may help alleviate the symptoms of UC by activating autophagy.
MicroRNAs (miRNAs) are noncoding RNAs that are indirectly involved in autophagy and through inhibition of Beclin1 (Chen et al., 2017). Schaefer found that the expression of miRNAs in the blood and tissues of the UC group and the expression of miR-19a, miR-21, miR-31, and miR-101 were significantly increased (Schaefer et al., 2015). This indicates that miRNAs are involved in the pathogenesis of UC and that specific miRNAs distinguish UC from other diseases. Wang found that miRNAs regulate NF-κB or mTOR signaling to modulate autophagy in intestinal cells by releasing anti- or proinflammatory factors (Wang et al., 2018). Based on these studies, miRNAs regulate autophagy in a variety of ways, including disruption of the intestinal mucosa and changes in intestinal permeability to aggravate or improve UC, but the specific role of miRNAs still needs to be verified.
Vitamin D receptor (VDR) is closely related to autophagy. VDR plays a vital role in IECs by reducing apoptosis and enhancing autophagy through Beclin-1 (Lu et al., 2019). Zhang found that VDR deficiency promoted the release of the tight junction protein Claudin-2, which enhanced the permeability of the intestinal mucosal barrier and further accelerated the progression of UC (Zhang et al., 2018). Yongyan Shi found that necroptotic apoptosis was one of the pathogeneses of IBD. VDR inhibits necroptotic apoptosis, alleviates inflammation, and suppresses the induction of colitis by preventing receptor interacting serine/threonine kinase 3 (RIPK3) from binding to RIPK1 (Shi et al., 2020). Jot and others showed that VDR also protects the intestines through the VDR-gut microbiota axis and reduces the susceptibility of DSS-induced colitis (Ooi et al., 2013). These studies all indicate that VDR enhances autophagy and alleviates colitis through different signaling mechanisms.
In summary, autophagy can restore the intestinal mucosal barrier and alleviate UC by regulating expression of susceptibility genes, modifying intestinal microbes, inhibiting proinflammatory cytokines, and suppressing the immune response (Figure 2).
[image: Figure 2]FIGURE 2 | Autophagy in UC. Autophagy is regulated by ATG, mTOR, AMPK, and NOD2. ATG participates in the formation of the ULK1 complex and initiates autophagy. The ATG12–ATG5–ATG16 complex recruits autophagosome membranes and combines ATG8 (LC3) with phosphatidylethanolamine (PE) to form an ATG8–PE complex, leading to the formation of autophagosomes and autophagolysosomes. mTOR negatively regulates autophagy by inhibiting the ULK1 complex, VSP34 complex, and DAP1. AMPK activates ULK1 and phosphorylates Beclin-1 to activate autophagy. VDR enhances autophagy through Beclin-1. Autophagy improves UC by altering the expression of susceptibility genes, improving intestinal microbes and the immune response and inhibiting the expression of proinflammatory cytokines. Abbreviations: AMPK, 5′-monophosphate-activated protein kinase; ATG, autophagy associated gene; IECs, intestinal epithelial cells; IFN-γ, Interferon-γ; IL-1β, interleukin-1β; mTOR, mammalian target of rapamycin; PE, phosphatidylethanolamine; TNF-α, tumor necrosis factor-α; UC, Ulcerative colitis.
ERS AND AUTOPHAGY
Under oxidative stress, energy deficiency, Ca2+ depletion, increased mRNA translation, metabolic changes and inflammatory stimulation, cell homeostasis is destroyed and ERS is activated (Luo and Cao, 2015). Several mediators released under ERS can directly induce the formation of autophagosomes and initiate autophagy (Kaser and Blumberg, 2011). Autophagy plays two major functions: on the one hand, moderate autophagy maintains the stability and survival of cells; on the other hand, excessive autophagy causes cell damage and even apoptosis (Kaur and Debnath, 2015). ERS induces the transformation of LC3 from LC3-I to LC3-II and the formation of autophagy (Ogata et al., 2006; Wu et al., 2021).
Recent studies have confirmed the connection between ERS and autophagy, and ERS induces autophagy through various pathways. For example, PERK regulates ATF4 and CHOP transcription factors, influences autophagosome formation, and further affects autophagy (Rouschop et al., 2010). B cells controlled by Trk-fused gene (TFG) are more sensitive to ERS and contain more LC3 and an increased number and size of autophagosomes (Steinmetz et al., 2020). ERS upregulates death-related protein kinase 1 (DAPK1) through ATF6, mediates mAtg9 trafficking, and activates autophagy (Zhou et al., 2016). In addition, ATF4 induces the expression of DNA damage response 1 (REDD1) during ERS. The upregulated expression of REDD1 in UC is correlated with autophagy induction by inhibiting mTOR (Kimball and Jefferson, 2012; Angelidou et al., 2018).
ERS can induce autophagy not only through the UPR pathway, but also by Akt signal transduction. For instance, ROS mediate Akt inactivation and increase the expression of ERS-related molecules such as CHOP and XBP1, leading to apoptosis. ERS can induce autophagy and reduce inflammation by inhibiting the phosphatidylinositol (3-kinase PI3K)/serine-threonine protein kinase (Akt)/mammalian target of rapamycin (mTOR) pathway (Xue et al., 2017; Chung et al., 2019). This indicates that ERS and autophagy can be activated by inhibiting the Akt pathway. ERS induced an increase in CHOP expression and a decrease in B-cell lymphoma-2 (Bcl-2) expression, and activated autophagy by releasing Beclin-1 through the PERK/CHOP/Bcl-2/Beclin-1 pathway (Liu et al., 2014; Ning et al., 2019). Corazzari found that ERS activates the Tribbles homolog 3 (TRB3) axis and the IRE1/TRAF2/apoptosis signal regulating kinase-1 (ASK1)/JNK signaling axis to induce autophagy (Corazzari et al., 2015). IRE1/XBP1 and IRE1/JNK1 both induce autophagy by activating Beclin-1 (Rather et al., 2020).
In general, ERS induces autophagy through multiple pathways: 1) the IRE1/TRAF2/ASK1/JNK/Bcl-2 (Vps34) signaling axis; 2) the IRE1/XBP1/Beclin-1 signaling axis; 3) the Akt/CHOP/Beclin-1 signaling axis; 4) the ATF4/REDD1/mTOR signaling axis; and 5) the PERK/CHOP/Bcl-2/Beclin-1 signaling axis. Whether ERS-induced autophagy plays a role in more signaling axes, for example, ATF6–XBP1–ULK1 and ATF4–ATG7–Beclin-1, needs to be further explored.
ERS, AUTOPHAGY AND UC
The interaction between ERS and autophagy can synergistically affect the development of UC. Additionally, IECs, as a target of ERS and autophagy, play a vital role in the pathogenesis of UC (Adolph et al., 2013).
On the one hand, ERS regulates autophagy. Recent reports indicate that the mechanism by which ERSregulates autophagy is complex. Lopes found that ERS activated the ATF6–DAPK1 signal in IECs and enhanced autophagic killing of bacteria (Lopes et al., 2018). The expression of REDD1 in intestinal neutrophils is closely related to the severity of UC. REDD1 activates neutrophil autophagy by inhibiting mTOR phosphorylation, and autophagy positively regulates neutrophil extracellular traps (NETs). Intestinal neutrophil expression through NETs promotes the release of IL-1β, which mediates inflammation and further exacerbates UC. The REDD1/autophagy/NETs/IL-1β pathway plays an important role in the initiation and propagation of UC. Therapy targeting IL-1β could be beneficial for active UC (Angelidou et al., 2018). The expression of glucose-regulated protein (GRP)78 in the colon is increased in UC, especially in the inflamed intestinal mucosa (Shkoda et al., 2007). Tréton found that unspliced and spliced XBP1, GRP78 and GRP94 and ER degradation in the colonic mucosa of UC patients is associated with elevated levels of the active form of ATF6 (p50ATF6α) and impairment of the eIF2α–ATF4–CHOP pathway (Tréton et al., 2011). Stengel found that ATF6α, as an intermediate signaling molecule that regulates its upstream regulators and downstream XBP1 and Atg16L1, participates in the crosstalk between ERS and autophagy of IECs in IBD (Stengel et al., 2020). ERS activates autophagy through multiple signals in IECs and aggravates UC.
On the other hand, autophagy regulates ERS. Moderate autophagy can inhibit ERS, increase the number of goblet cells and mucin secretion, protect intestinal epithelial mucosal barrier function, and relieve the symptoms of UC. In DSS-induced colitis, the inhibition of triggering receptor expressed on myeloid cells 1 (TREM1) induced macroautophagy and chaperone-mediated autophagy, which compensates for the UPR to reduce ERS (Kökten et al., 2018). In addition, the stimulation of NOD and TNF receptors in IECs promote ATG16L1 stabilization via conserved helix-loop-helix ubiquitous kinase (IKKα)-dependent phosphorylation of ATG16L1 at serine 218, thereby protecting ATG16L1 against caspase-3-dependent degradation and limiting ERS activation (Diamanti et al., 2017). In fact, compared with Atg16L1[ΔIEC] or Xbp1[ΔIEC] mice, mice lacking Atg16L1 and Xbp1 (Atg16l1[ΔIEC]Xbp1[ΔIEC]) develop more severe colitis. However, all Atg16L1[ΔIEC], Xbp1[ΔIEC] and Atg16L1[ΔIEC]Xbp1[ΔIEC] mice show increased accumulation and excessive activation of ER to nucleus signaling 1 (ERN1), due to the deficiency of ERN1 degradation caused by autophagy (Tschurtschenthaler et al., 2017).
In general, moderate ERS can maintain intestinal homeostasis, but when ERS is too strong, key molecules such as IRE1, PERK and ATF6 which produce proinflammatory cytokines and destroy the intestinal mucosal barrier to induce UC, are lacking. Autophagy can inhibit the expression of proinflammatory cytokines and improve the immune response and can also reduce UC in other ways, but excessive autophagy increases cell apoptosis and aggravates UC (Figure 3).
[image: Figure 3]FIGURE 3 | ERS, autophagy, and UC. ERS regulates autophagy through multiple pathways: 1) IRE1/TRAF2/ASK1/JNK/Bcl-2/Beclin-1 signaling axis; 2) lIRE1/XBP1/Beclin-1 signaling axis; 3) ATF6/CHOP/ATG9 signaling axis; 4) ATF6/DAPK1 signaling axis; 5) ATF6/DAPK1 signaling axis; 6)ATF6/CHOP/ATG7-LC3II signaling axis; 7) ATF6/CHOP/ATG9 signaling axis; and 8) PERK/elf2α/ATF4/REDD1/mTOR signaling axis. ERS regulates UC through defects in the ATG16L1 gene. Autophagy stimulates mTOR receptors in IECs to inhibit TREM1 and through regulating ERN1 to alleviate ERS. Autophagy also regulates UC. The interaction between ERS and autophagy synergistically affects the development of UC. Abbreviations: AMPK, 5′-monophosphate-activated protein kinase; ASK 1, apoptosis signal regulating kinase-1; ATF, activating transcription factor; ATG, autophagy associated gene; Bcl-2, B-cell lymphoma-2; CHOP, C/EBP homologous protein; DAPK1, death-related protein kinase 1; eIF2α, eukaryotic initiation factor 2α; ER, endoplasmic reticulum; ERAD, endoplasmic reticulum-associated degradation; ERN1, endoplasmic reticulum to nucleus signaling 1; ERS, endoplasmic reticulum stress; LC3Ⅱ, microtubleassociated protein light chain 3II; mTOR, mammalian target of rapamycin; IRE1, inositol-requiring enzyme1; JNK, c-Jun N-terminal kinase; PERK, protein kinase R-like endoplasmic reticulum kinase; TRAF2, tumor necrosis factor receptor–associated factor 2; TREM1, triggering receptor expressed on myeloid cells 1; XBP1, X-Box-binding protein 1; UC, ulcerative colitis; UPR, unfolded protein response.
The inhibition of autophagy can be used as a therapeutic strategy in UC. Many drugs can inhibit autophagy. The mTOR inhibitor 2-chloro-N-(6-cyanopy-ridin-3-yl) propanamide alleviated UC symptoms in mice by inhibiting autophagy (Bhonde et al., 2008). Curcumin reduced the number of autophagosomes by regulating autophagy and improved the symptoms of DSS-induced colitis in mice (Yue et al., 2019). Nicotine increased the expression of LC3II/LC3I and Beclin-1 through the AMPK–mTOR–p70S6K pathway, reduced p62 levels, and relieved experimental colitis by regulating autophagy (Gao et al., 2020). Oral administration of Na2SO3 and NaHSO3 (3:1) produces SO2.SO2 suppresses autophagy by reducing oxidative stress and reducing the expression of the proinflammatory cytokines TNF-α, IL-1β, and IL-6, as well as downregulating Beclin1 expression. Therefore SO2 alleviates the pathological manifestations of colitis in rats by anti-inflammatory, antioxidation and autophagy inhibition (Banerjee et al., 2019). Galangin pretreatment increases autophagy-related protein expression and promotes the formation of autophagosomes, which can be used to prevent UC (Xuan et al., 2020). Melatonin alleviates colitis-related colon cancer by reducing autophagy, as revealed by the expression of autophagy-related markers (Trivedi et al., 2016). These drugs all reduce UC inflammation by regulating the expression of autophagy-related proteins.
ERS, AUTOPHAGY RELATED DRUGS FOR UC
Autophagy deficiency is closely related to the pathogenesis of UC. Some therapeutic drugs work by improving autophagy, which makes autophagy a new therapeutic target for the treatment of UC. Drugs that modulate both ERS and autophagy need further investigation (Hooper et al., 2016). Berberine (BBR) inhibits the IRE1/XBP1 pathway and JNK activation and reduces the expression of proinflammatory cytokines and ERS. Hence, BBR might be one of the targeted therapeutic agents for UC (Hao et al., 2012). Lactobacillus paracasei–derived extracellular vesicles (LpEVs) attenuate DSS-induced colitis by reducing the expression of pro-inflammatory cytokines IL-1α, IL-1β, IL-2, and TNF-α proinflammatory cytokines and promoting the expression of anti-inflammatory cytokines, including IL-10 and TGFβ. LpEVs increase IRE1 and PERK phosphorylation, ATF6 cleavage, and CHOP expression by activating ERS to reduce LPS-induced intestinal inflammation and maintain intestinal homeostasis (Choi et al., 2020). Low-dose naltrexone reduces the level of ERS, restores the intestinal mucosal barrier, and improves the severity of IBD (Lie et al., 2018). Lycium barbarum leaves contain a variety of compounds and prevent inflammation through the IRE1–XBP1–dependent ER stress pathway, which might be linked to its antioxidant activity, making the leaves a beneficial food for human health (Lee et al., 2021). Dodecapeptide (LR12) is an inhibitor of triggering receptor expressed on myeloid cells-1 (TREM-1). Compared with healthy mice, the mice in the DSS[+]/LR12[+] group were similar and had no signs of ulcerations. However, DSS[+]/LR12[−]mice developed ulcers with inflammatory cell infiltration, and increased endoscopic scores. LR12 reduced ERS and restored impaired autophagy, indicating that TREM-1 inhibition alleviates the symptoms of colitis, mitigates endoscopic tissue damage, and prevents UC (Kökten et al., 2018). Hooper found that azathioprine induces autophagy by regulating mTORC1 signal transduction and the UPR sensor PERK, thus contributing to its efficacy in treating IBD (Hooper et al., 2019). The aforementioned drugs can reduce or prevent UC by inhibiting ERS.
CONCLUSION AND PROSPECTS
The role of ERS and autophagy in IBD has received increasing attention. This study summarizes the relationship between ERS and autophagy in UC. Moderate ERS can maintain the balance of the intestinal environment, but excessive ERS can induce intestinal inflammation by regulating ERS susceptibility genes, inducing intestinal epithelial cell apoptosis and intestinal mucosal barrier dysfunction, and producing proinflammatory cytokines, leading to the occurrence of UC. However, ERS can activate autophagy, which alleviates UC by inhibiting proinflammatory cytokines and immune responses and improving the intestinal microorganisms, but excessive autophagy still aggravates UC. The interaction between ERS and autophagy can synergistically affect the development of UC. Exploring the important mechanism of ERS-induced autophagy in the pathogenesis of UC can contribute to the understanding of the pathogenesis of UC and provide an effective method for the treatment of UC in the future. However, the specific regulatory mechanism of the ERS–autophagy signaling axis needs further investigation. For example, it is of interest to determine whether there are more stress- and autophagy-related pathways; the specific role and exact function of each protein, molecule, and enzyme in the respective pathways and to identify more autophagy-related genes and their regulatory mechanism in UC. The activation of key molecules in ERS can activate autophagy through multiple pathways. However, the following issues remain unaddressed: whether inhibition of one of the key molecules can affect multiple pathways and will produce side effects; if the effect of single target treatment is not significant, whether multitarget treatment can be used; how each signaling pathway works in multitarget therapy; whether the therapeutic drugs confirmed in current studies that can regulate ERS-autophagy in mice can play the same role in other organisms; and whether the combination of targeted autophagy and targeted ERS agents can exert better effects. There are many drugs for treating UC, but some patients have not been cured. Hence, it is urgent to develop novel drugs for the treatment of UC. A better understanding of the relationship among ERS-induced autophagy in UC, regulation of ERS-autophagy, alleviation of IEC damage, restoration of intestinal mucosal barrier function, and maintenance of intestinal homeostasis can provide potential new targets and more effective therapy for UC.
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Background and objective: Abnormal activation of Janus kinase 2 (JAK2) promotes the pathogenesis and progress of inflammatory bowel disease (IBD) by stimulating the cytokine traffic. Based on docking studies, arbutin, a natural product extracted from a traditional medicinal plant bearberry, was found to bind to JAK2. The study aimed to investigate the effects and mechanisms of regulating JAK2 by arbutin on colitis in mice.
Methods: A mice colitis model was established to mimic human IBD. The mice freely drank water containing dextran sulfate sodium. Inflammation in epithelial (IEC6) and immune (RAW264.7) cells was analyzed following treatment with lipopolysaccharides (LPS).
Results: Colitis symptoms, including body weight loss, increased disease activity index, and increased colon weight/length ratio, were significantly alleviated by arbutin. Mediators of colonic pro-inflammatory cytokines as well as apoptosis markers in colitis were suppressed by the glycoside. High expression of phosphorylated JAK2 in colitis was significantly reversed by arbutin. The effects of arbutin treatment on colitis were considerably inhibited by the JAK2 inhibitor AG490. LPS-induced inflammatory responses were also suppressed by arbutin, which was notably inhibited by the JAK2 inhibitor AG490.
Conclusion: The findings obtained herein suggest the protective role of arbutin and provide novel insights into alternative colitis treatments, which involve inhibition of the JAK2 signaling pathway.
Keywords: dextran sulfate sodium, JAK2, stat3, apoptosis, epithelium, arbutin, inflammatory bowel disease, sulfasalazine
INTRODUCTION
Inflammatory bowel disease (IBD) is a group of nonspecific chronic intestinal inflammatory conditions, including ulcerative colitis (UC) and Crohn’s disease. At present, approximately 3.9 million people are living with IBD worldwide and the number of prevalent cases is continuously increasing (D 2017 Inflammatory Bow, 2020). IBD can cause a series of symptoms, such as diarrhea, abdominal pain and cramps, blood in the stool, and weight loss (Wang et al., 2012). It can also lead to serious extraintestinal complications, including anemia and osteoporosis, which severely affect the patients’ quality of life (Ott and Schölmerich, 2013). Moreover, recurrent IBD is a high risk factor for intestinal tumors (Kim and Chang, 2014). The latest evidence shows that IBD is also closely related to nervous system diseases, such as Parkinson’s disease, Alzheimer’s disease, and depression (Villumsen et al., 2019; Zhu et al., 2019).
The etiology of IBD is complex and is believed to involve complex interactions between genetic, environmental, and microbial factors as well as immune responses (Zhang and Li, 2014). The pathogenesis of IBD includes persistent inflammatory damage caused by injury to the intestinal immune system in genetically susceptible people under the action of environmental factors and intestinal microorganisms (García et al., 2020). In the imbalanced intestinal immune microenvironment of IBD patients, inflammatory mediators, and cytokines released by a large number of inflammatory cells can activate the Janus kinase 2 (JAK2) signaling pathway to aggravate the damage of the intestinal tract and intestinal barrier function. This is related to the destruction of the intestinal epithelial tight junction barrier and apoptosis of intestinal epithelial cells (Li et al., 2010; Prager et al., 2012; Bhat et al., 2019).
JAK2 is an important member of the JAK family, which plays a key role in the cytokine signal transduction. JAK2 binds to the cytoplasmic region of the type II cytokine receptor and is widely distributed in various tissues and cells. Under the action of cytokines, JAK2 is phosphorylated and subsequently activates the downstream signal transducer and activator of transcription 3 (STAT3) in the cytoplasm (Seif et al., 2017). Activated STAT3 dissociates from the upstream tyrosine kinase and enters the nucleus to regulate the expression of various pro-inflammatory genes, thus promoting the development of inflammation (Hillmer et al., 2016).
The objective of IBD treatment is to alleviate excessively activated intestinal inflammatory responses (Pithadia and Jain, 2011). The emergence of different biopharmaceuticals to target cytokines has recently attracted considerable attention in the area of IBD treatment. Based on high oral bioavailability, minimal risk of antibody formation, and low production costs, small molecule drugs have been proposed as promising alternatives to biologic drugs (Lucaciu et al., 2020). Tofacitinib, which acts by inhibiting the activity of JAK, belongs to the group of first approved new generation small molecular drugs for the treatment of moderate to severe UC. However, poor response, disease recurrence, and side effects following the administration of this agent are common (Currie et al., 2019). Hence, research into new IBD treatments has focused on the search for small molecule drugs able to inhibit JAK. Considering the unique role of traditional Chinese medicine in the treatment of IBD (Ke et al., 2012), we previously used molecular docking technologies to screen various monomers isolated from Chinese herbs employing available databases. It was found that arbutin could effectively bind to JAK2. Arbutin is a natural product, which is predominantly extracted from the leaves of bearberry. It is traditionally used to treat urinary tract infections (Garrett, 2003). Nonetheless, the role and specific mechanism of arbutin in intestinal inflammation remains unclear.
The present study aimed to investigate the effect of regulating JAK2 by arbutin on colitis. Mouse colitis and cell inflammation models were established to mimic human UC. The mice freely drank water containing dextran sulfate sodium and the inflammation was analyzed following treatment with lipopolysaccharides (LPS).
MATERIALS AND METHODS
Reagents
Arbutin (497-76-7, ≥ 98%) was obtained from Chengdu Pusi Biotechnology Co., Ltd. (Chengdu, China). Sulfasalazine (SASP) was purchased from Guangdong Qiangji Pharmaceutical Co., Ltd. (Guangdong, China). The Cell Counting Kit-8 (CCK-8) (WLA074b) was acquired from Wanleibio (Shenyang, China). Enzyme-linked immunosorbent assay (ELISA) kits for the detection of IL-1β (26048-1-AP), IL-6 (KE10007), and TNF-α (KE10002) were acquired from Proteintech Co., Ltd. (Wuhan, China). Antibodies against iNOS (14142-1-AP), Bcl-2 (26593-1-AP), and SOCS3 (14025-1-AP) were obtained from Proteintech Co., Ltd. (Wuhan, China). Antibodies against COX-2 (12282), JAK2 (3230), phosphorylated JAK2 (p-JAK2) (4406), and phosphorylated STAT3 (p-STAT3) (9145) were purchased from Cell Signal Co., Ltd. (Boston, MA, United States). Antibodies against GAPDH (ab9485) and MLCK (ab232949) were obtained from Abcam (Hong Kong) Ltd. (Hong Kong, China). Unless otherwise noted, all other reagents were acquired from Sigma-Aldrich (St. Louis, MO, United States).
Animals
Sixty male C57BL/6 mice (6–8 weeks old, weighing 18–22 g) were obtained from the experimental animal center at the Dalian Medical University [Certificate of Conformity: No. SYXK (Liao) 2018-0007]. The experimental protocol was approved by the Dalian Medical University Animal Care and Ethics Committee (approval number: AEE20046) and was designed to reduce pain and discomfort in the animals. The mice were adapted to laboratory conditions (23°C, 12 h/12 h light/darkness, 50% humidity, free access to food and water) for 1 week prior to conducting the experiments. The mice were raised at a density of one per cage, and were deprived of food for 24 h before euthanasia by cervical dislocation.
Cell Culture
Rat intestinal epithelial IEC-6 cells and macrophage RAW264.7 cells were obtained from the cell bank of the Shanghai Institute (Shanghai, China). The cells used in the study were evaluated prior to the experiments. No significant interspecific changes in the JAK2 expression, which could affect the outcomes of the study, were found. The cells were maintained at 37°C in a 5% CO2 environment. The culture medium consisted of Dulbecco’s Modified Eagle Medium (DMEM) containing 4.5 mg/ml glucose, 50 U/mL penicillin, 50 U/mL streptomycin, 4 mM glutamine, 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, and 10% fetal bovine serum. Both fetal bovine serum and DMEM were purchased from Invitrogen (Waltham, MA, United States).
Experiment Design
30 mice were used for pharmacodynamics investigations. The mice were randomized into five groups (n = 6). The mice were treated as follows: group I, sham-operated control with intragastric administration of saline; group II, colitis group; groups III, IV, and V intragastric administration of SASP (100 mg/kg body weight dissolved in saline), low-dose arbutin (50 mg/kg body weight dissolved in saline), and high-dose arbutin (100 mg/kg body weight dissolved in saline), respectively, 1 day after induction of colitis. SASP is an anti-inflammatory drug widely used for the clinical treatment of diseases such as IBD. Consequently, it was used as a positive control for analyzing the effects of arbutin on colitis. SASP and arbutin were administered by gavage once daily for seven successive days. In addition to the treatments used for other groups, the mice in group I were given autoclaved drinking water without dextran sulfate sodium (DSS). The colitis symptoms in groups II–V were induced by replacing drinking water with DSS (2.5% w/v) dissolved in autoclaved drinking water.
In the JAK2 blocking experiments, 30 mice were randomly divided into five groups (n = 6): group I, sham-operated control with intragastric and intraperitoneal administration of saline; group II, colitis group; groups III, IV, and V treated with high-dose arbutin (100 mg/kg body weight dissolved in saline, intragastric), AG490 (5 mg/kg body weight dissolved in saline, intraperitoneal), and high-dose arbutin + AG490, respectively, 1 day after induction of colitis. The colitis symptoms in groups II–V were induced by replacing drinking water with DSS (2.5% w/v) dissolved in autoclaved drinking water.
Mice in groups III–V were administered high-dose arbutin by gavage and AG490 by intraperitoneal injection once a day for seven consecutive days. Mice in the control group were given autoclaved drinking water without DSS.
Mice in groups I–V were euthanized by cervical dislocation on the 7th day. The distal colon samples were harvested for biochemical studies. The serum was obtained after centrifugation at 1 × 103 g for 10 min at 4°C and was stored at −20°C for ELISA.
Assessment of Inflammation
The animal body weight as well as the consistency and color of stools for each group were recorded daily. Additionally, the disease activity index (DAI) ratio was scored on the last day. The scores for weight loss, stool bleeding, and stool consistency were added (Kim et al., 2012). The loss of body weight was calculated as the percent difference between the original body weight (day 1) and the body weight on a particular day and scored as follows: 0: no change; 1: ≤5%; 2: 6%–10%; 3: 11–20%; and 4: ≥20%. The stool bleed score was assessed according to the following criteria: 0: none; 2: trace visible blood in stool; and 4: total rectal bleeding. Stool consistency scores were determined as follows: 0: normal; 1: soft but still formed; 2: very soft; 3: half diarrhea; 4: and diarrhea (Dong et al., 2021). The colon weight/length ratio and the spleen index were calculated on the last day. Notably, the colon weight/length ratio and spleen index are morphological parameters used to assess the degree of inflammation in a mouse model of DSS-induced colitis (Lee et al., 2019). The colon samples were dewaxed and dehydrated for hematoxylin eosin (HE) and immunohistochemistry (IHC) staining. The experiments were performed based on previously described methods (Dong et al., 2020). Histology was scored as follows: epithelium (E), 0 = normal morphology; 1 = loss of globlet cells; 2 = loss of globlet cells in large areas; 3 = loss of crypts; 4 = loss of crypts in large areas; and infiltration (I), 0 = no infiltrate; 1 = infiltrate around the crypt basis; 2 = infiltrate reaching the L muscularis mucosae; 3 = extensive infiltration reaching the L muscularis mucosae and thickening of the mucosa with abundant oedema; 4 = infiltration of the L submucosa (Yoshihara et al., 2006). Total histological score was given as E + I. The levels of inflammation-associated proteins were measured by western blotting, while the levels of pro-inflammatory cytokines IL-1β, IL-6, and TNF-α were determined using ELISA kits according to the manufacturer’s instructions.
Western Blot Analysis
Colon segments were isolated from mice and immediately stored in liquid nitrogen. The total protein was isolated from colonic epithelial cells employing a total protein extraction kit (Beyotime Biotechnology, China). Proteins were transferred onto polyvinylidene fluoride filters and probed with the corresponding antibodies overnight at 4°C with gentle shaking. Bands were detected and quantified using a Bio-Rad ChemiDoc XRS+ imaging system (Bio-Rad, Hercules, CA, United States).
CCK-8 Assay
The effects of arbutin on the viability of IEC-6 and RAW264.7 cells were measured using the CCK-8 assay. Briefly, 5 × 103 cells in the logarithmic growth phase were seeded in 100 μL of DMEM medium containing 10% FBS in each well of a 96-well plate. The cells were treated with arbutin at the specified concentration for 24 h. Then, 10 μL of CCK-8 solution was added to the cells, which were then incubated at 37°C for 4 h. An automatic microplate reader (Thermo Fisher Scientific, Waltham, MA, United States) was used to measure the absorbance at 450 nm to determine cell viability.
Immunofluorescent Analysis
RAW264.7 cells were inoculated into glass slides, and added into 6-well culture plates. The cells were subsequently allowed to adhere overnight prior to treatment with LPS (1 μg/ml) for 12 h to induce the colitis model. AG490 and arbutin were then administered for 12 h to analyze the effect of the latter on colitis. The glass slides containing RAW264.7 cells were inoculated and washed three times with ice-cold phosphate-buffered saline (PBS). The cells were fixed with 4% paraformaldehyde, incubated in 0.1% Triton X-100 (Amresco) in PBS, and stained with rabbit anti-p-STAT3 (1:500 dilution) in 1% BSA (Solarbio) overnight at 4°C. After washing three times with PBS, the cells were incubated for 60 min at 37°C in the presence of anti-rabbit secondary antibodies (Cell Signaling Technology Inc.). The cells were treated with ProLong Gold antifade reagent containing 4′,6-diamidino-2-phenylindole (DAPI) (Invitrogen). The images of the treated cells were acquired by trichromatic immunofluorescence microscopy using blue (DAPI) and fluorescent (fluorescein) filters with 20 × and 40 × targets, respectively.
Flow Cytometry Analysis
The antiapoptotic effect of arbutin was evaluated in IEC-6 cells by flow cytometry. The IEC-6 cells were added into 6-well culture plates and allowed to adhere overnight. The cells were subsequently treated with LPS (1 μg/ml) for 12 h to induce the IEC-6 cell apoptosis model. AG490 (50 μM) and arbutin (500 μM) were then administered for 12 h to investigate the effect of arbutin on the apoptosis of IEC6 cells. Untreated IEC-6 cells were used as controls. Following digestion with trypsin in the absence of ethylenediaminetetraacetic acid (EDTA) for 2 min, the IEC-6 cells were collected and washed three times with a washing buffer. The cells in each group were counted, equilibrated, and then stained with annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) according to the manufacturer’s protocol (annexin V-FITC apoptosis detection kit, BD Pharmingen, United States). The apoptotic cells (annexin V-positive and PI-negative) were quantitatively evaluated by flow cytometry according to the manufacturer’s procedure (BD Pharmingen, United States).
Molecular Docking
Molecular docking was conducted in MOE1. The crystal structure of JAK2 was downloaded from the RCSB Protein Data Bank (PDB ID: 4GL9) and defined as the receptor. The crystal structure of arbutin was acquired from the SPECS database (STOCK1N-07141) and defined as the ligand. The ligand binding site in the original crystal structure of JAK2 was used as the binding site for docking. Prior to docking, the force field of AMBER12: EHT and the implicit solvation model of the Reaction Field were selected. The protonation state of the protein as well as the orientation of the hydrogen atoms were optimized by the LigX module at the pH of 7 and temperature of 300 K.
Statistical Analysis
The animal experiments, in vitro experiments, and data analyses were conducted according to a single-blind study design. Data between three or more groups were compared using one-way analysis of variance, while data between two groups were compared by the student’s t-test. Data were expressed as mean ± standard deviation. Data were normally distributed and each group showed similar variances. Further evaluations were performed using the Kruskal–Wallis rank-sum tests. All experiments were repeated at least three times and a p-value of < 0.05 was considered statistically significant.
RESULTS
Toxicology of Arbutin in vitro and in vivo
The chemical structure of arbutin is shown in Figure 1A. The cytotoxicity of the natural product was examined in vitro by exposing the cells to 10–800 μM arbutin for 24 h. These concentrations did not affect the viability of IEC-6 (Figure 1B) or RAW264.7 cells (Figure 1C). Intragastric administration of arbutin at a dose of 50 and 100 mg/kg for seven consecutive days had no effect on the DAI, colon weight/length ratio, mouse body weight, spleen index, or colon length (Figures 1D–H) in the colon tissue. Moreover, the HE images exhibited no significant differences between the mice in the sham group and those treated with arbutin (Figure 1I). Based on these preliminary experiments and previous reports (Ye et al., 2019; Ding et al., 2020), the maximum therapeutic dose of arbutin was set to 100 mg/kg (in vivo) and 500 μM (in vitro).
[image: Figure 1]FIGURE 1 | Toxicology of arbutin in vitro and vivo (A) Chemical structure of arbutin. (B, C) IEC-6 cells and RAW-264.7 cells were treated with CCK-8 solution for 4 h after pretreatment with arbutin (10, 100, 200, 400, and 800 μM) for 24 h. The cell viability was investigated by CCK-8. The mice were given arbutin (50 and 100 mg/kg) intragastrically once a day for 7 consecutive days (D) DAI, (E) colon weight-to-length ratio, (F) body weight, (G) spleen index, and (H) macroscopic observation (I) Hematoxylin-eosin staining of mouse colonic tissue. Scale bars, 200 μm (left panel) and 100 μm (right panel). Data are expressed as the mean ± SD. n = 3 samples.
Arbutin Alleviates DSS-Induced Colitis Symptoms in Mice
Colitis symptoms were observed in the DSS-induced colitis mouse model. These included shortened colon length, an increased spleen index, increased colon weight/length ratio, increased DAI, and weight loss (Figures 2A–E). The comparison between the sham and colitis groups revealed that the colitis model was successfully established. Compared with the control mice, the colitis symptoms were partially or completely reversed in the mice treated with arbutin (50 and 100 mg/kg) and SASP. In addition, histological analysis of the colon tissue showed that compared to the sham group, the colonic structure of the mice in the colitis group was destroyed. Ulceration, crypt dilation, goblet cell failure, destruction of the epithelium, and strong infiltration of inflammatory cells were observed in colitis mice (Figure 2F). In contrast, mice treated with arbutin (50 and 100 mg/kg) exhibited complete colonic histological features in the colon tissue. These results suggested that arbutin notably ameliorated the symptoms of colitis.
[image: Figure 2]FIGURE 2 | Arbutin alleviates DSS-induced colitis in mice (A) macroscopic observation, (B) spleen index, (C) colon weight-to-length ratio, (D) DAI, and (E) weight loss (F) Representative hematoxylin-eosin-stained colon sections (left panel) and histological score (right panel). Scale: upper panel is 200 μm, lower panel is 100 μm. Data are expressed as the mean ± SD. **p < 0.01 compared with sham operation group; #p < 0.05 compared with DSS induced colitis group; ##p < 0.01 compared with DSS induced colitis group; n = 6 samples.
Effects of Arbutin on the Inflammatory Responses in Colitis
As shown in Figure 3, compared with the mice in the sham group, an ELISA revealed that pro-inflammatory cytokine levels, including those of TNF-α, IL-1β, and IL-6, increased significantly in the murine model of colitis (Figures 3A–C). Western blot analysis showed that levels of inflammation-related proteins (iNOS and COX2) increased after DSS treatment (Figures 3D,E). The increase in cytokines and inflammation-related proteins in colitis were significantly inhibited by gavage administration of 50 and 100 mg/kg arbutin.
[image: Figure 3]FIGURE 3 | Effects of arbutin on inflammation in colitis. As described in the Materials and Methods, blood from mice was centrifugated and were assayed for the determination of the levels of TNF-α (A), IL-1β (B), and IL-6 (C), and colon segments from mice were harvested and were used to determine the expression levels of iNOS (D) and COX2 (E). Data were expressed as mean ± SD. **p < 0.01 compared with sham operation group; #p < 0.05 compared with DSS induced colitis group; ##p < 0.01 compared with DSS induced colitis group; n = 3 samples for Western blot experiments; n = 6 samples for other experiments.
Effects of Arbutin on Intestinal Barrier Dysfunction in Colitis
Compared with the sham group mice, the colitis model mice displayed a lower level of the colonic anti-apoptotic marker Bcl2 (Figure 4A). The low expression of Bcl2 in colitis was significantly increased by arbutin (Figure 4A). Moreover, the level of the colonic tight junction barrier dysfunction marker MLCK was considerably increased in the colitis model (Figure 4B), which was also reversed by arbutin. These results implied that intestinal epithelial barrier dysfunction in colitis mice was alleviated by arbutin.
[image: Figure 4]FIGURE 4 | Effects of arbutin on intestinal barrier dysfunction in colitis. Colon segments from mice were harvested and the expression of anti-apoptotic marker bcl-2 (A) and tight junction barrier dysfunction marker MLCK (B) were analyzed by Western blot analysis (C, E) IEC-6 cells were given arbutin (500 μM) for 12 h after treatment with LPS (1 μg/ml) for 12 h and the cell apoptosis was determined by flow cytometry (D, F) IEC-6 cells were pretreated with AG490 (50 μM) for 1 h, treated with LPS (1 μg/ml) for 12 h, and given arbutin (500 μM) for 12 h. Then the cell apoptosis was detected by flow cytometry. Data were expressed as mean ± SD. **p < 0.01 compared with sham group; #p < 0.05 compared with control group; ##p < 0.01 compared with control group. n = 3 samples for Western blot experiments.
The anti-apoptotic effect of arbutin was analyzed in IEC-6 cells using flow cytometry. Cell apoptosis was significantly increased in IEC-6 cells incubated with 1 μg/ml LPS, which was alleviated by 500 μM arbutin. (Figures 4C,E). Arbutin induced inhibition of cell apoptosis was blocked by JAK2 inhibitor AG490 (Figures 4D,F). These outcomes indicated that arbutin could inhibit the apoptosis to maintain intestinal barrier function in colitis, and JAK2 maybe a potential target.
Effect of Arbutin on JAK2 in Colitis
To investigate the effect of regulating JAK2 by arbutin in a murine model of colitis, the expression of p-JAK2, p-STAT3, and SOCS3 (downstream protein of JAK2) was studied. Our results showed that arbutin did not significantly influence JAK2 expression (Figure 5A). Compared with the sham group, the levels of p-JAK2, p-STAT3, and SOCS3 significantly increased in the colitis group (Figures 5B–D). Moreover, gastric administration of arbutin considerably reversed the expression changes of p-JAK2, p-STAT3, and SOCS3 in colitis. These results suggested the inhibitory effects of arbutin on JAK2 activity in colitis.
[image: Figure 5]FIGURE 5 | Arbutin inhibited JAK2 signaling pathway in colon. The proteins associated with the JAK2 pathway were detected in mice. Western blot analysis of (A) JAK2, (B) p-JAK2, and (C) p-STAT3 (D) Expression of SOCS3 determined by Immunohistochemical staining in the colonic epithelium. Scale bars, 200 (upper panel) and 100 μm (lower panel). Data were expressed as mean ± SD. **p < 0.01 compared with sham operation group; ##p < 0.01 compared with DSS induced colitis group; n = 3 samples for Western blot experiments; n = 6 samples for other experiments.
Effect of Arbutin on JAK2 in vitro
Subsequently, the inhibition of JAK2 activity by arbutin was studied in IEC-6 and raw264.7 cells. The expression of p-JAK2 in IEC-6 and RAW264.7 cells was significantly increased after LPS stimulation, while arbutin reversed this change (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Arbutin inhibited JAK2 signaling pathway in LPS-stimulated IEC6 and RAW264.7 cells. The proteins associated with the JAK2 pathway were determined in cell lines. RAW 264.7 cells (A) and IEC-6 cells (B) were treated with arbutin (100 and 500 μM) for 12 h after treatment with LPS (1 μg/ml) for 12 h, and the expression levels of JAK2, and p-JAK2 were investigated by Western blot analysis. Data were expressed as mean ± SD. **p < 0.01 compared with sham group; ##p < 0.01 compared with LPS control group.
JAK2 Inhibitor AG490 Blocked Arbutin Induced Therapeutic Effects of Colitis
AG490, a type of JAK2 inhibitor, was also used to elucidate the role of JAK2 in the treatment of colitis. The expression of JAK2 in colitis was not significantly influenced by arbutin and AG490 (Figure 7A), while the expression of p-JAK2 was significantly suppressed by arbutin and AG490 (Figure 7B). The colitis symptoms, including macroscopically visible damage, weight loss, increase in DAI, colon weight/length ratio, and disruption of the intestinal structure were reversed by the treatment with arbutin and AG490 (Figures 7C–G). Nevertheless, no additional treatment effects were observed upon administration of arbutin in the presence of AG490. These results suggested that the inhibition of JAK2 might be involved in arbutin-induced colitis treatment effects.
[image: Figure 7]FIGURE 7 | Effects of arbutin and AG490 on UC in mice. The JAK2 protein was silenced by AG490 in mice. Under the condition that AG490 silenced the JAK2, western blot analysis of JAK2 (A) and P-JAK2 (B), colonic macroscopically visible damage (C), weight loss (D), DAI (E), colon weight-to-length ratio (F), macroscopic observation and hematoxylin-eosin-stained colon sections (G) were recorded. Scale: upper panel is 200 μm, lower panel is 100 μm. Data were expressed as mean ± SD. *p < 0.05 compared between the indicated groups; **p < 0.01 compared with sham group; #p < 0.05 compared with DSS control group; ##p < 0.01 compared with DSS control group; n = 3 samples for Western blot experiments; n = 6 samples for other experiments.
As shown in Figure 8, the levels of p-STAT3 (a downstream protein of JAK2), TNF-α, and IL-6, were significantly increased by LPS in IEC-6 (Figures 8A,C,D) and RAW264.7 (Figure 8E) cells, which was significantly inhibited by arbutin. The cells were pretreated by AG490, and then incubated by LPS and arbutin. Arbutin induced p-STAT3 reduction (downstream of JAK2) was significantly blocked by AG490, which suggested that arbutin maybe a potential JAK2 inhibitor (Figure 8B). Arbutin induced decrease in TNF-α and IL-6 was partially blocked by AG490 (especially TNF-α). These results suggested that multiples targets besides JAK2 be involved in arbutin induced inhibition of cytokines release. Therefore, we assumed that arbutin may be an JAK2 inhibitor and competitively bind to JAK2.
[image: Figure 8]FIGURE 8 | Effects of arbutin and Ag490 on LPS-stimulated IEC6 and RAW 264.7 cells (A) IEC-6 cells were given arbutin (100 and 500 μM) for 12 h after treatment with LPS (1 μg/ml) for 12 h and the level of p-STAT3 was determined by western blot analysis (B) IEC-6 cells were pretreated with AG490 (50 μM) for 1 h, treated with LPS (1 μg/ml) for 12 h, and given arbutin (100 and 500 μM) for 12 h. Then the level of p-STAT3 was detected by western blot analysis (C, D) IEC-6 cells were pretreated with AG490 (50 μM) for 1 h, LPS (1 μg/ml) for 12 h, and then treated with arbutin (500 μM) for 12 h, respectively. The TNF-α and IL-6 levels were detected by ELISA (E) RAW 264.7 cells were pretreated with AG490 (50 μM) for 1 h, treated with LPS (1 μg/ml) for 12 h, and given arbutin (500 μM) for 12 h, and the p-STAT3 expression was detected by immunofluorescence as described in the Materials and Methods. Data were expressed as mean ± SD. *p < 0.05 compared between the indicated groups; **p < 0.01 Compared with sham group; #p < 0.05 compared with LPS control group; ##p < 0.01 compared with LPS control group; NS p > 0.05 compared between the indicated groups.
Molecular docking analysis was performed to investigate the biding mechanisms between arbutin and JAK2. The predicted binding mode of arbutin with JAK2 is shown in the Supplementary Figure S1. The oxygen atom of arbutin acted as a hydrogen bond donor to form a hydrogen bonding interaction with the backbone nitrogen atom of residue Leu932. Moreover, the N2 and O3 atoms of the o-dihydroxybenzene ring in tyrphostin AG-490 were respectively connected to the main chain residue (Leu855) of the N-terminal leaf of JAK2 and the Leu932 residue of the hinge ring to form a hydrogen bond (Rashid et al., 2015). The formation of hydrogen bonding interactions and similarity of the binding structure to Leu932 further confirmed that arbutin might be a potential binding inhibitor of JAK2.
DISCUSSION
In this study, arbutin was found to significantly alleviate the symptoms of colitis by inhibiting the activity of JAK2. The main pathological features of a DSS-induced UC mouse model were previously found to include infiltration of inflammatory cells in the lamina propria and submucosa, leading to mucosal erosion, expansion of submucosa, and destruction of the intestinal barrier function (DeRoche et al., 2014). Arbutin considerably inhibited cytokine-induced cascade amplification of inflammatory signals as well as destruction of the barrier function caused by intestinal epithelial apoptosis in the colitis model. Inhibition of JAK2 by AG490 in vivo and in vitro notably hindered the effect of arbutin on the symptoms of colitis.
In inflammatory bowel disease, due to the infiltration of inherent and adaptive immune cells into the lamina propria, the concentration of local proinflammatory cytokines (IL-1β, IL-6, and TNF-α) increases, which affects the immune balance required for normal intestinal homeostasis (Lee and Kim, 2012; Műzes et al., 2012). In addition, continuous inflammation further damages the integrity of the intestinal barrier, leading to increased apoptosis, destruction of tight junctions among epithelial cells, and eventually to intestinal edema and ulcer formation (Grivennikov et al., 2009). In this study, we determined that arbutin considerably downregulated the levels of inflammatory cytokines (IL-1β, IL-6, and TNF-α) and proteins (iNOS and COX-2) in colitis mice. Furthermore, arbutin could significantly reverse the changes of the anti-apoptotic marker Bcl2 and tight junction barrier dysfunction marker MLCK in colitis mice (Sui et al., 2020). The results obtained herein indicate that arbutin could adjust unbalanced inflammatory signals in the intestinal tract and protect the intestinal barrier during inflammation.
It has been demonstrated that arbutin targets a variety of signal transduction pathways, including Sirt1/Nrf2, TLR-4/NF-κB, and p-AMPK/p62 (Ye et al., 2019; Ding et al., 2020; Nalban et al., 2020), indicating that it can resist apoptosis, inflammation, and oxidative stress. In this work, by molecular docking analysis, we found that arbutin might inhibit the transduction of the JAK2 signaling pathway by binding to JAK2. Our findings provide another potential mechanism, by which arbutin alleviates colitis.
The JAK/STAT3 signaling pathway plays a key role in inflammatory signaling, which can aggravate intestinal inflammatory injury (Salas et al., 2020). In UC patients, the severity of bowel disease is positively correlated with the expression of JAK2 and its downstream STAT3 (Lin et al., 2017). In addition, SOCS3, a negative regulator of the JAK2 signal pathway, is upregulated as result of the aggravation of the JAK2 signal pathway in patients diagnosed with colitis (Liu et al., 2015). In the present study, arbutin significantly inhibited the phosphorylation of JAK2 and its downstream STAT3. Moreover, it downregulated the expression of SOCS3 in a DSS-induced colitis model. To further explore the mechanism of arbutin, we used a specific JAK2 inhibitor, namely AG490, to block the JAK2 signaling pathway. The obtained results indicated that both AG490 and arbutin could alleviate colitis symptoms, downregulate inflammatory indexes, and inhibit the phosphorylation of JAK2 and STAT3 in a mouse colitis model as well as in LPS-induced epithelial and immune cell inflammation models. Nevertheless, no further therapeutic effect of arbutin was observed in the presence of AG490. These outcomes suggested that the therapeutic effect of arbutin might be related to the inhibition of JAK2.
Intestinal epithelium forms a key barrier, which separates the body from the external environment. The balance between proliferation and apoptosis of the intestinal epithelial cells is important to maintain the integrity of the barrier (Negroni et al., 2015). However, colonic epithelial cells in UC patients exhibit a higher rate of apoptosis (Souza et al., 2005). The JAK pathway plays an important role in regulating cell proliferation and apoptosis (Bousoik and Montazeri Aliabadi, 2018). Furthermore, the conducted experiments demonstrated that inhibition of the JAK2 pathway could alleviate cell apoptosis caused by intestinal ischemia-reperfusion (Lian et al., 2017). Arbutin treatment could significantly inhibit LPS-induced apoptosis in intestinal epithelial cells; however, this effect was reversed following pretreatment with AG490. These outcomes implied that arbutin could improve the barrier function by regulating the JAK2 signal transduction to control cell proliferation and apoptosis. However, the anti-apoptotic effect of arbutin was mainly studied in vitro and slightly involved in vivo by western blot. Further experiments including in situ TUNEL staining are needed to verify the anti-apoptotic effect of arbutin in vivo.
In conclusion, arbutin treatment appeared to significantly inhibit JAK2 signal transduction; therefore, it was determined that it played an important protective role in DSS-induced colitis mice. The findings of this study provide some understanding of the role of JAK2 inhibitors in IBD and could lead to the application of arbutin as a small molecule drug for the treatment of the disease. In future, we will try to construct JAK2-knock down mice to study the effects of arbutin on mice colitis.
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Early diagnosis and monitoring of rheumatoid arthritis (RA) progress are critical for effective treatment. In clinic, the detection of rheumatoid factor (RF) and anti-citrullinated protein antibodies (ACPA) are usually combined to diagnose early RA. However, the poor specificity of RF and high heterogeneity of ACPA make the early diagnosis of RA still challenging. Bioinformatics analysis based on high-throughput omics is an emerging method to identify novel and effective biomarkers, which has been widely used in many diseases. Herein, utilizing an integrated strategy based on expression correlation analysis and weighted gene coexpression network analysis (WGCNA), we identified 76 RA-trait different expression genes (DEGs). Combined with protein-protein interaction (PPI) network construction and clustering, new hub genes associated in RA synovia, CD3D, GZMK, and KLRB1, were identified. We verified the specificity of these genes in the synovium of RA patients through three external datasets. We also observed high sensitivity and specificity of them for ACPA-negative patients. CD3D, GZMK, and KLRB1 are potentially key mediators of RA pathogenesis and markers for RA diagnosis.
Keywords: rheumatoid arthritis, bioinformatics, biomarker, ACPA-negative, CD3D, GZMK, KLRB1
INTRODUCTION
Rheumatoid arthritis (RA) is a systemic autoimmune disease characterized by chronic inflammation in the synovium tissue of joints (McInnes and Schett, 2011; Gibofsky, 2014; Malmstrom et al., 2017; Smolen et al., 2018). A variety of immune cells and cytokines are involved in synovial inflammation, which ultimately leads to the destruction of soft tissues, cartilage, and bones around the joints (Zhang et al., 2019). Early RA clearly begins months to years when autoimmune response persists and is seronegative before it becomes a manifest polyarthritis and this is known as “preclinical RA.” The treatment of RA is usually only effective in the early stage, and many patients gradually lose their drug response as the disease progresses (Guo et al., 2018). Thus, early diagnosis is pivotal to optimal therapeutic success. Some serum biomarkers like rheumatoid factor (RF) (MacGregor et al., 2000; Onuora, 2012), anti-citrullinated protein antibody (ACPA) (Padyukov et al., 2011; Stahl et al., 2012), anti-cyclic citrullinated peptide (anti-CCP) antibody (Zendman et al., 2006), C-reactive protein (CRP) (Lee et al., 2016), and erythrocyte sedimentation rate (ESR) (Orr et al., 2018) have good performance to discriminate part of typical early RA patients, but approximately 30% of patients remain seronegative using current immunoassays. Other biomarkers, such as miRNA (Cunningham et al., 2021), calprotectin (Jarlborg et al., 2020), anti-RA33 (Syed Mohamed Suhail et al., 2019), and anti-carbamylated protein (anti-CarP) antibodies (Lamacchia et al., 2021), may be effective in the diagnosis of early RA, but these markers are not widely accepted in clinical application, and their prognostic significance remains controversial owing to the lower sensitivity and specificity of supplementary diagnosis compared with RF and ACPA. Exploring hub genes and their expression status in the inflamed synovium is a critical step in defining new targets for the diagnosis or treatment of RA, especially for the ACPA-negative RA patients whose condition could not be well managed at the developing stage due to negative index of clinical symptoms and serologic testing.
Application of transcriptomic or microarray analysis to whole synovial tissue has already identified specific genes associated with RA (Lewis et al., 2019). However, in most studies, there are many shortcomings such as small sample size, high sample heterogeneity, and only using a single technology platform and other drawbacks exist in most studies. By effectively integrating new high-throughput data, especially gene expression and proteomic-profiling data, bioinformatics analysis is expected to deliver novel clinical diagnostic insights and therapeutic options at high resolution in an unbiased fashion (Sirota and Butte, 2011; Okada et al., 2014; Stephenson et al., 2018). This strategy has already been used to discover distinct transcriptomic features of synovial fibroblasts and found that MTF1 and RUNX1 may be crucial future targets for RA therapy (Tsuchiya et al., 2020). Bioinformatics analysis also defined anti-PTX3 and anti-DUSP11 autoantibodies as newly identified biomarkers for ACPA-negative RA diagnosis (Li et al., 2021).
Herein, aiming to investigate some new and effective biomarkers for improving the management of early diagnosis of RA, especially for ACPA-negative patients, we integrated multiple databases from different GEO platforms to deeply analyze the characteristic genes of synovial tissue for RA patients. Combining differential expression analysis and weighted gene coexpression network analysis (WGCNA), we screen out 76 RA-trait different expression genes (DEGs). Followed by protein-protein interaction (PPI) network construction and hub genes selection, we identified CD3D, GZMK, and KLRB1 as three novel hub genes with RA characteristics. Independent dataset verification indicated that CD3D, GZMK, and KLRB1 can well distinguish RA patients from normal and osteoarthritis (OA) patients and has high sensitivity and specificity for ACPA-negative RA patients.
MATERIALS AND METHODS
Microarray Data Preparation
Gene expression profiling datasets were obtained from the NCBI-GEO database (https://www.ncbi.nlm.nih.gov/gds). Datasets GSE55235 and GSE55457 originating from GEO platform 96 (GPL96) were combined with GSE77298 and GSE153015 datasets originating from GEO platform 570 (GPL570) for subsequent analysis. The four datasets contained 100 joint synovial tissue samples, including 27 normal joint synovial samples, 24 OA joint synovial samples, and 49 RA joint synovial samples. Additionally, three datasets were chosen for verification, which included GSE39340 dataset originated from GPL10558, GSE55584 dataset originated from GPL96, and GSE89408 dataset originating from GPL11154. These three datasets contained 202 joint synovial tissue samples, of which 28 are normal, 22 OA, and 152 RA synovial tissues (Table 1).
TABLE 1 | Selected GEO datasets for bioinformatics analysis.
[image: Table 1]Integration and Normalization of Microarray Data
The raw data were downloaded and preprocessed before analysis. Background correction, prosummarization, and missing values supplement for the matrix data of each GEO dataset were performed systematically by the “affy” package and the “impute” package in R/Bioconductor software (version 4.0.3). The combat function of “sva” package was used to correct the batch effects between different datasets. Principal component analysis (PCA) construction via “factoextra” package was performed to discover whether the batch effect was eliminated.
Identification and Analysis of DEGs
Based on the comparison of gene expression values from the RA vs normal groups and the RA vs OA groups, the “limma” package in R was used to identify DEGs. The overlapped DEGs were outlined as RA-trait DEGs when adjusted p < 0.05 and |logFC|>1 were used as the filter criteria. Furthermore, the DEG expression levels were visualized in heatmaps and volcano plots by the “pheatmap” and “RColorBrewer” packages in R.
Construction of WGCNA
The merged gene matrix was loaded and checked to exclude abnormal samples which might be escape from sample clustering. The merged dataset contains 100 samples and 12,412 genes for further WGCNA analysis. After selecting an appropriate threshold, adjacency and topological overlap matrix (TOM) were established to be a nearly no-scale network. Then, different modules were recognized through dynamically tree cutting with the calculation of cluster dendrogram. According to the significance of the gene coexpression network, gene significance (GS) and module membership (MM) were obtained to investigate specific modules highly related to clinical traits of RA. Finally, according to the threshold values |GS| > 0.5 and |MM| > 0.7, significant RA-correlated genes were selected as RA-trait module genes.
Identification of RA-Trait DEGs and Gene Ontology/Kyoto Encyclopedia of Genes and Genomes (GO/KEGG) Enrichment Analyses
The overlapped genes calculated by TBtools (version 1.089) between RA-related DEGs and RA-trait module genes were featured as RA-trait DEGs. GO and KEGG pathway analyses were performed via “clusterProfiler” package in R to acquire the enriched cellular component (CC), biological process (BP), molecular function (MF) categories, and functional pathways. The significant enriched functions and pathways were filtered with adjusted p < 0.05 and visualized in bubble plots executed by the “ggplot2” package in R.
Construction of PPI Network and Key Genes Analysis
The PPI network was constructed via the online tool STRING (https://string-db.org/) based on the RA-trait DEGs. Cytoscape (version 3.8.2) was applied for the better presentation and visualization of the whole interaction information. The most important cluster in the PPI network was identified by Minimal Common Oncology Data Elements (MCODE), and the key genes were further screened by cytoHubba (Cytoscape plugin), which provide 12 different algorithms to rank the importance or core degree of genes.
Box Plot Drawing and Statistical Methods
Gene expression box plots in different data sets were drawn through “ggplot2” package. Wilcoxon test was used between two variables, and the Kruskal–Wallis test was used between multiple variables.
Analysis of Hub Genes Expression and Drawing Receiver Operating Characteristic (ROC) Curve in External Databases
The “ggplot2” and “ggpubr” packages in R were applied for genes expression analysis via drawing boxplots according to the expression values in different validation datasets. The “pROC” package was used to draw ROC curves.
RESULTS
Quality Control of Gene Expression Datasets
We determined the targeted analysis dataset integrating four independent GEO datasets originating from two GEO platforms, each employing RA, OA, and/or normal joint synovial tissue samples (Table 1). Among the GSE55235, GSE55457, GSE77298, and GSE153015 datasets for which the background correction, missing values supplement, and mean expression value calculation were performed, the batch effect was clearly observed (Figure 1A). Multivariate PCA showed that when classified according to the sample type, the integrated dataset was staggered with poor discrimination (Figure 1B). Then, the batch-effect correction was performed by the “sva” package using R, and the final data showed lower heterogeneity (Figure 1C). PCA analysis spanned 100 individuals of normal (n = 27), OA (n = 24), and RA (n = 49), of which three groups were clearly separated (Figure 1D). Subsequent analysis follows the principles of Supplementary Figure S1.
[image: Figure 1]FIGURE 1 | Batch-effect correction of the integrated dataset. (A) PCA analysis of the original integrated dataset grouped by four individual datasets. (B) PCA analysis of the original integrated dataset grouped by normal, OA, and RA sample types. (C) PCA analysis of the correcting integrated dataset grouped by four individual datasets. (D) PCA analysis of the correcting integrated dataset grouped by normal, OA, and RA sample types.
Identification of DEGs in RA vs OA and RA vs Normal, Respectively
Next, we explored DEGs of the RA vs normal group (49 RA vs 27 normal) and the RA vs OA group (49 RA vs 24 OA). Using a p-value filter under 0.05 with a difference of twofold or more, we identified 287 DEGs between the RA and normal groups, of which 203 were upregulated and 84 were downregulated genes in the RA group (Figure 2A and Supplementary Table SA). In addition, we also identified 1,564 DEGs between RA and OA group, which contained 792 upregulated genes and 772 downregulated genes in the RA group (Figure 2D and Supplementary Table SB). As expected, these samples could be distinguished in an unsupervised cluster analysis based on the overall expression trend of DEGs (Figures 2B,E). GO enrichment analyses revealed that the MF of DEGs among the RA and normal groups were primarily related to amide binding, immune receptor activity, and peptide binding, whereas the main BP involved immune response-activating cell surface receptor signaling pathway, immune response-activating signal transduction, and T-cell activation. As for the CC term in the GO analysis, DEGs were mainly localized in the external side of the plasma membrane, collagen-containing extracellular matrix, and endocytic vesicle (Figure 2C and Supplementary Figures S2A,B). For the DEGs between the RA and OA groups, the MF were highly related to chemokine activity, chemokine receptor binding, and CXCR chemokine receptor binding, whereas the main BP contained leukocyte chemotaxis, myeloid leukocyte migration, and granulocyte migration. In CC analysis, DEGs were mainly localized in lipoprotein particle, plasma lipoprotein particle, and intraciliary transport particle (Figure 2F and Supplementary Figures S2C,D).
[image: Figure 2]FIGURE 2 | Different expression gene (DEG) analysis of the integrated dataset. (A) Volcano plot of the 287 DEGs between normal and RA patients. Up: upregulated; Down: downregulated; Not: no change. (B) Unsupervised clustering heatmap of the DEGs between normal and RA patients, top 40 were shown. (C) MF enrichment of GO analysis for DEGs between normal and RA patients. MF: molecular function. (D) Volcano plot of the 1,564 DEGs between RA and OA patients. (E) Unsupervised clustering heatmap of the DEGs between RA and OA patients, top 40 were shown. (F) MF enrichment of GO analysis for DEGs between RA and OA patients.
WGCNA Identifies Critical Modules Correlating With RA
To further investigate the changed genes in the RA group, we performed an unbiased gene expression analysis to identify coexpressed genes and modules in our dataset. WGCNA is a systems biology method used to decipher coexpression patterns among genes across different samples (Langfelder and Horvath, 2008). In our WGCNA analysis, the integrated dataset was firstly clustered to screen out whether there were any outliers, and the sample clustering heatmap revealed that no sample was excluded (Figure 3A). The soft-thresholding power β was selected as 7, which could make the scale-free network evaluation coefficient R2 equal to 0.85 (Figure 3B). Then, we identified 5 gene coexpression modules except the grey module which incorporated uncategorized modular genes through TOM matrix hierarchical clustering and dynamic tree cut (Figures 3C,D). Moreover, the blue module (R2 = 0.82; P = 1e-25), the yellow module (R2 = −0.61; P = 1e-11), and the brown module (R2 = −0.58; P = 3e-10) were highly associated with RA. In addition, the values of GS and MM in three modules were calculated and presented with a scatter diagram (Figure 3E). Finally, by setting the threshold |GS| > 0.5 and |MM| > 0.7, we screened out 397 RA-trait module genes for further study (Supplementary Table SC).
[image: Figure 3]FIGURE 3 | WGCNA of the integrated dataset. (A) Sample dendrogram and trait map. (B) Selection of the soft-thresholding power β. The left panel showed the scale-free fit index versus soft-thresholding power β. The right panel displayed the mean connectivity versus soft-thresholding power β. The soft-thresholding power β was selected as 7 to make the fit index curve flat (R2 > 0.85). (C) Gene dendrogram obtained by average linkage hierarchical clustering. The color row below the dendrogram shows the module assignment determined by the dynamic tree cut. (D) Model-trait relationships. Each row and column in the heatmap correspond to one module (labeled by blue, turquoise, yellow, brown, green, and grey). Besides, the green color in the heatmap represents the negative correlation, and the red color represents the positive correlation. (E) The scatter diagram of GS versus MM in blue, brown, and yellow modules. The gene closer to the upper right corner is more related to RA.
DEGs Correlating With RA-Trait Module Genes for Hub Gene Selection
To eliminate those invalid genes which have no expression change among the RA-trait module genes, we overlapped the DEGs and RA-trait module genes by TBtools (Chen et al., 2020) (Figure 4A). 76 target genes were obtained and displayed by an unsupervised clustering analysis (Figure 4B). Go and KEGG analyses indicated that these RA-trait genes were closely related to T lymphocyte activation and regulation (Supplementary Figures S3A,B and Supplementary Tables SD, SE). The PPI network of these genes was acquired by STRING (Szklarczyk et al., 2021) and further visualized and analyzed through Cytoscape (Agg et al., 2019). As shown in Figure 4C, the PPI network in Cytoscape included 58 nodes and 287 edges (p-value < 1.0e-16). Then, three significant clusters were predicted through plugin MCODE (degree cutoff = 2, node score cutoff = 0.2, K-core = 2, and max. depth = 100). We observed the most significant cluster (score: 12.8) including 16 nodes and 96 edges (Figure 4D).
[image: Figure 4]FIGURE 4 | Hub genes of RA-trait DEGs selection. (A) Venn diagram showing gene overlap between DEGs and RA-trait module genes. 76 RA-trait DEGs were selected. (B) Heatmap showing unsupervised clustering analysis of RA-trait DEGs. (C) PPI network analysis of RA-trait DEGs. Red color represents the upregulated genes, and green color represents the downregulated genes. The yellow color represents the additional genes introduced by Cytoscape analysis. The size of the bubble is proportional to the change of expression. (D). The most significant cluster containing 16 genes. (E) The hub genes were sorted out by 8 algorithms.
To sift hub genes that play a pivotal role in the related pathways, we sorted out 8 kinds of algorithms including cytoHubba, namely, BottleNeck, Closeness, Degree, EcCentricity, EPC, MCC, MNC, and Radiality to analyze the most significant cluster. The top 10 genes of each algorithm were shown in Supplementary Table SF. We observed enrichment of 6 genes including GZMB, KLRB1, CD2, CD3D, CD8A, and GZMK in all 8 algorithms, where CD2 (Raychaudhuri et al., 2009), CD8A (Carvalheiro et al., 2015; Souto-Carneiro et al., 2020), and GZMB (Bao et al., 2018) had already been reported as important genes involved in the progression of RA (Figure 4E). Finally, the three novel hub genes, CD3D, GZMK, and KLRB1 uniquely exhibited RA associations in our dimensionality reduction analysis.
External Dataset Verification Uncovers Specifically High Expression of CD3D, GZMK, and KLRB1 in the Synovium of RA Patients
We queried three additional datasets to validate the RA associations of CD3D, GZMK, and KLRB1. Datasets GSE39340 (GPL10558) contained 10 RA and 7 OA synovial tissue samples and another dataset GSE55584 (GPL96) contained 10 RA and 6 OA synovial tissue samples. These two gene profiling datasets both demonstrated that the three hub genes showed obvious statistical significance between RA and OA samples (Figures 5A,B). The third GSE89408 (GPL11154) dataset was a high-throughput expression profiling which contained 28 normal, 22 OA, 57 early RA, and 95 established RA synovial tissue samples. To our surprise, CD3D, GZMK, and KLRB1 not only were highly expressed in the synovial tissue of RA patients but also showed the same trend in early RA patients (Figures 5C–E).
[image: Figure 5]FIGURE 5 | Association of CD3D, GZMK, and KLRB1 with RA. (A) CD3D, GZMK, and KLRB1 distribution for patients with OA and RA in GSE39340 dataset. (B) CD3D, GZMK, and KLRB1 distribution for patients with OA and RA in GSE55584 dataset. (C–E) CD3D, GZMK, and KLRB1 distribution for normal, OA, early RA, and established RA in the GSE89408 dataset. (F–H) Prediction of CD3D, GZMK, and KLRB1 for patients with early RA, established RA, and OA in the GSE89408 dataset.
Based on verification results, we hypothesized that CD3D, GZMK, and KLRB1 might be involved in the early evolution of RA and could become potential diagnostic markers. ROC curves were performed to assess the utility of CD3D, GZMK, and KLRB1 to differentiate between OA, early RA, and established RA. As shown in Figures 5F–H, the significant clinical correlation was only presented in early RA and established RA patients (p < 0.001), which indicated that these three hub genes specifically correlated with RA. The area under the curve (AUC) of the ROC curve is an indicator combining sensitivity and specificity, which could demonstrate the intrinsic effectiveness of diagnostic tests. The AUC of CD3D, GZMK, and KLRB1 levels for early RA was 0.869, 0.875, and 0.899, respectively. These three hub genes showed significantly greater predictive power for RA patients than OA patients but failed to distinguish between early RA and established RA patients.
Performance of CD3D, GZMK, and KLRB1 in ACPA-Negative RA Patients
Clinically, ACPA-negative RA poses a great challenge for early diagnosis (Ohmura et al., 2010; Daha and Toes, 2011; Li et al., 2021). Thus, we reintegrated across the GSE89408 dataset to evaluate the performance of the CD3D, GZMK, and KLRB1 in the diagnosis of ACPA-negative RA. The RA samples in GSE89408 dataset were divided into ACPA-negative (n = 96) and ACPA-positive RA (n = 43) subgroups for further verification. Surprisingly, similar to the ACPA-positive RA group, the expression levels of CD3D, GZMK, and KLRB1 in the ACPA-negative RA group were significantly higher than those in the normal and OA groups (Figures 6A–C). The AUC of CD3D, GZMK, and KLRB1 expression levels was 0.909, 0.916, and 0.886, respectively (Figures 6D–F).
[image: Figure 6]FIGURE 6 | Correlations between CD3D, GZMK, KLRB1, and ACPA-negative RA diagnosis. (A–C) CD3D, GZMK, and KLRB1 distribution for RA patients with ACPA-positive and ACPA-negative. Normal and OA groups served as control. (D–F) Prediction of diagnosis value for ACPA-negative RA patients according to CD3D, GZMK,and KLRB1 expression. ACPA-_RA: ACPA-negative RA.
DISCUSSION
Bioinformatics analysis methods are widely used in many studies for various diseases (Kanehisa and Bork, 2003). In this study, we performed WGCNA and differential expression analysis to obtain RA-trait DEGs. GO and KEGG analyses revealed the pathological mechanism of these genes involved in the pathogenesis of RA. Six hub genes, named CD2, CD3D, CD8A, GZMB, GZMK, and KLRB1, were acquired through 8 algorithms. ROC curve revealed the diagnostic and prognostic significance of those hub genes in this study. By reviewing previous studies, GZMB, CD8A, and CD2 had been proven to have potential diagnosis and application value in RA. The other three hub genes, CD3D, GZMK, and KLRB1, were currently found to be lack of attention in RA. They were further verified in independent GEO datasets and the statistically significant difference was only presented in RA samples when compared with normal and OA samples. Meanwhile, clinical correlation analysis and ROC curve drawing were carried out and it was found that these three hub genes were not only meaningful for the early diagnosis of RA but also have guiding significance for the diagnosis of ACPA-negative patients.
Previous studies have shown that CD3D encodes the δ subunit of transmembrane CD3 antigen complex and forms the T-cell receptor/CD3 complex (TCR/CD3 complex) with the other four CD3 subunits for T-cell development and signal transduction (Gil et al., 2011). The deficiency of CD3D could cause damage to immunity (Dadi et al., 2003). Additionally, studies have reported that CD3D is a molecular diagnostic marker for immunodeficiency in early infancy (Kwan et al., 2014). Moreover, CD3D has been confirmed to actually participate in the abnormal activation of T lymphocyte immune-related pathways based on epigenetic and genomic analysis (Limbach et al., 2016; Deng et al., 2019). Coincidentally, these pathways were observed to be enriched in the present study (Supplementary Figure S4A).
GZMK is a member of the serine-proteases family, which is mainly expressed by T lymphocytes (Supplementary Figure S4B). In addition to the cytotoxicity of this family, it also has the effect of promoting proinflammatory cytokines release (Joeckel et al., 2011). Moreover, in human infectious diseases, GZMK has been found to activate protease-activated receptor-1 (PAR-1) in endothelial and fibroblast cells and induce the production of inflammatory cytokines, such as TNF-α, IL1, IL-6, and MCP-1 (Sharma et al., 2016; Herich et al., 2019). All these cytokines could cause inflammation cascades, leading to more inflammatory cells infiltration. Besides, its protease effect can promote the degradation of the extracellular matrix, resulting in inflammatory cell infiltration and tissue destruction (Turner et al., 2019). These studies suggest that GZMK may trigger the continuous inflammation amplification of RA.
The protein NKRP1A encoded by KLRB1 was a member of the NKRP1 family, and it was mainly expressed on T lymphocytes and natural killer (NK) cells (Supplementary Figure S4C). NKRP1A plays an inhibitory role in NK cell cytotoxicity (Kurioka et al., 2018). In addition, activation of NKRP1A on T cells had been found to be associated with IL17, IFN-γ, and TNF production (Billerbeck et al., 2010) and is involved in the process of inflammation and the pathogenesis of autoimmune diseases. The signal transduction mechanism of KLRB1 might be related to the activation of PI3 kinase/AKT and ERK1/2 pathways in NK cells and the PI3 kinase/AKT and STAT3 pathways in T cells (Pozo et al., 2006; Bai et al., 2014). Consistently, the activation of these signaling pathways is closely related to the pathogenesis of RA.
The study is the first to directly link the expression change of three genes with RA through unbiased and independent bioinformatics analysis, and we defined these three genes as RA-trait DEGs. We observed heterogeneity of CD3D, KZMK, and KLRB1 detectable in normal, OA, and RA synovial tissues. The gene expression of these RA-trait DEGs can distinguish early RA from OA patients. Lack of effective biomarkers in ACPA-negative RA patients impedes early diagnosis and treatment. Statistically, about one-third of RA patients are ACPA-negative, and the clinical characteristics of ACPA-negative RA are different from those of ACPA-positive RA. Our ROC curves analysis suggested that the identified RA-trait DEGs might be potential markers for ACPA-negative RA diagnosis. However, this study has several limitations. First, the specificity of this gene expression in other inflammatory or immune diseases, such as psoriasis, SLE, and multiple sclerosis, has not been investigated. Second, the sample size of our study was still limited, and it is essential to interrogate the gene expression in synovium by further experiment. Third, it is necessary to explore the possibility of checking these three genes or corresponding proteins through blood or joint fluid. In conclusion, our study could provide a theoretical basis for better management of early diagnosis of RA.
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COVID-19 pneumonia caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) has ravaged the world, resulting in an alarming number of infections and deaths, and the number continues to increase. The pathogenesis caused by the novel coronavirus was found to be a disruption of the pro-inflammatory/anti-inflammatory response. Due to the lack of effective treatments, different strategies and treatment methods are still being researched, with the use of vaccines to make the body immune becoming the most effective means of prevention. Antiviral drugs and respiratory support are often used clinically as needed, but are not yet sufficient to alleviate the cytokine storm (CS) and systemic inflammatory response syndrome. How to neutralize the cytokine storm and inhibit excessive immune cell activation becomes the key to treating neocoronavirus pneumonia. Immunotherapy through the application of hormones and monoclonal antibodies can alleviate the immune imbalance, but the clinical effectiveness and side effects remain controversial. This article reviews the pathogenesis of neocoronavirus pneumonia and discusses the immunomodulatory therapies currently applied to COVID-19. We aim to give some conceptual thought to the prevention and immunotherapy of neocoronavirus pneumonia.
Keywords: immunotherapy, cytokine storm, COVID-19, cytokine inhibitors, SARS-CoV-2
INTRODUCTION
Since the end of 2019, novel coronavirus has been gradually spread worldwide, which not only poses a severe challenge to the global public health system but also brings huge economic losses to the society. Virus infection can cause cytokine storm, and then lead to acute respiratory distress syndrome (ARDS), and even multiple organ failure until death (Zhu et al., 2020).
Many acute infections have a strong and potentially destructive effect on the immune response. Of course, this immune response can reduce self-harm to a certain extent (Cavalli and Dagna et al., 2020). Once the infection develops to the advanced stage, patients often have severe disease symptoms. If the immune cascade cannot be properly controlled, the immune response may have adverse effects on the host, and remodeling the balance between inflammation and anti-inflammation may be a more effective method for the treatment of infection (Puelles et al., 2020). This paper focuses on the mechanism of CS induced by the SARS-CoV-2 virus and its clinical manifestations, and reviews the recently reported immunotherapies for cytokine storm, with the expectation of providing a reference for the treatment of COVID-19.
IMMUNOPATHOGENESIS OF CYTOKINE STORM
The potential source of CS is the megakaryocyte and some subsets of monocyte indicated by sequencing data of single-cell transcriptome (Ren et al., 2021). After the human body is infected with SARS-CoV-2, innate immune cells such as neutrophils and natural killer (NK) cells (Hashimoto et al., 2013)are rapidly activated to secrete a variety of cytokines and chemokines, including IL-2, IL-10, TNF-α, IFN-γ, CXCL10, CCL2, CCL3, etc., And then activate the inflammatory cytokines storm (Huang et al., 2020; Wan et al., 2020; Chen et al., 2020). These explosions of cytokines and chemokines then activate cells of the adaptive immune system. T cells, which dominate the adaptive immune cells, differentiate into subsets with different effector cell functions and participate in CS (Figure 1) (Kiselevskiy et al., 2020).
[image: Figure 1]FIGURE 1 | | Immunopathogenesis of cytokine storm (Kiselevskiy et al., 2020).
COVID-19 enters cells through the angiotensin-converting enzyme 2 (ACE2) receptor, and cells that highly express ACE2 become the main targets of COVID-19 invasion (Zhou et al., 2020). What’s more, in the autopsy of the patients, the SARS-CoV-2 virus was found in the heart, liver, and other tissue samples (Varadhana et al., 2020), indicating that many organs were damaged (Synowiec et al., 2021).
The main clinical features of COVID-19 include fever, dyspnea, myalgia, dry cough, etc., (Lupia et al., 202; Grasselli et al., 2020; Guan et al., 2020). Atypical clinical features include digestive system symptoms (Mao et al., 2020), abnormal liver function (Yadav et al., 2021), dysfunction of smell or taste (Luers et al., 2020; Liou et al., 2021), insomnia (Spinato et al., 2020), etc., As the body responds to acute systemic inflammation, pro-inflammatory cytokines can also affect the brain and induce behavioral and physical symptoms, such as fever, nausea, and anorexia (Dantzer et al., 2008).
CYTOKINE STORMS IN SEVERE COVID-19
As we all know, the cellular structure of CS is based on immune cells such as neutrophils and lymphocytes (Yang et al., 2018). Remarkably, hypolymphocyticemia is frequently found in COVID-19. It is reported that about 63% of patients have peripheral blood lymphocyte counts less than 1.0 × 109/L, and this proportion can be as high as 85% in critically ill patients (Huang et al., 2020). In a retrospective study involving 452 COVID-19 patients, the authors found a decrease in the lymphocytes, monocytes, also the ratio of eosinophils and basophils. Analysis of the lymphocyte subsets revealed that the severity of the disease corresponded to decreased number of B cells, T cells, and NK cells in COVID-19 patients (Qin et al., 2020). In addition, A study on pathological dissection of lymph nodes and spleen found that the number of B lymphocytes in lymph nodes decreased significantly. These phenomena also explain that humoral immune suppression is the reason for the rapid development of some severe patients’ illnesses (Kaneko et al., 2020).
A study on the immunological characteristics of peripheral blood showed that 4–6 days after the patient was infected with SARS-CoV-2, the number of T cells dropped to a minimum; on the contrary, the number of multiple cytokines reaches the highest level. These phenomena indicate that the decrease of T cells in the peripheral blood can lead to aggravation of the inflammatory response (Liu et al., 2020). One manifestation of CS caused by the massive production of cytokines is the hyperactivation of immune cells. Moreover, a novel coronavirus pneumonia pathology report shows that Interstitial mononuclear inflammatory infiltrates in both lungs. In the peripheral blood, the number of CD4 + and CD8 + T cells decreased significantly but excessively activated. Therefore, this team believes that these manifestations of excessive activation of T cells may be part of the causes of severe immunopathological damage to the lungs (Xu et al., 2020).
IMMUNOTHERAPY
Cytokine Inhibitors
Targeting certain key cytokines in CS, using their monoclonal antibodies, and recombinant proteins, etc., to antagonize them and block their pro-inflammatory effects, is an effective strategy to treat cytokine storms.
Inhibition of IL-6 Signaling
IL-6 mediates intercellular signal transduction, regulates immune cells, and has a strong pro-inflammatory effect (Taniguchi et al., 2020). The level of IL-6 in non-survivors is higher than that in survivors of COVID-19, indicating that increased levels of IL-6 in peripheral blood are closely related to worsening of the disease and poor prognosis (Ruan et al., 2020). Pathogenic T cells and monocytes can trigger inflammatory storms with a large number of interleukin-6 (Fu et al., 2020). Therefore, the use of monoclonal antibodies binding to the IL-6 receptor may quell the inflammatory storm.
Due to the overactive immune response in patients with severe COVID-19, the potential of tocilizumab in the treatment has been evaluated in many clinical trials. However, the results of previous clinical trials were inconsistent. In four randomized clinical trials (Salama et al., 2020; Stone et al., 2020; Hermine et al., 2021; Rosas et al., 2021), a single intravenous injection of tocilizumab (8 mg/kg) did not significantly improve mortality in hospitalized patients. In three retrospective clinical studies (Martínez-Sanz et al., 2020; Gupta et al., 2021; Horby et al., 2021), tocilizumab can reduce mortality. Especially for patients with high C-reactive protein (CRP) levels and systemic inflammation, tocilizumab can reduce the mortality rate and shorten the discharge time (Martínez-Sanz et al., 2020；; Horby et al., 2021; Cavalli et al., 2021).
Inhibition of IL-1 Signaling
The IL-1 family is not to be ignored in CS, especially IL-1β (Shimabukuro-Vornhagen et al., 2018; Vardhana et al., 2020). Anakinra can simultaneously block the pro-inflammatory signals induced by IL-1a and IL-1b. It is widely used in the treatment of rheumatoid arthritis and protein-associated periodic fever syndrome (Quartier et al., 2010; Cavalli et al., 2015; Ben-Zvi et al., 2017). Animal experiments have shown that Anakinra can reduce the mortality of CRS patients caused by CAR-T therapy, and also reduces neurotoxicity due to its ability to cross the blood-brain barrier (Giavridis et al., 2018). Compared with other cytokine blockers such as tocilizumab, anakinra will become an excellent candidate for clinical trials of COVID-19 ARDS due to its good tolerability, low side effects, and short half-life. In addition, Canakinumab is a monoclonal antibody that selectively blocks IL-1b-induced pro-inflammatory signals, which can improve respiratory function and rapidly reduce systemic the inflammatory response (Sheng et al., 2020; Ucciferri et al., 2020).
Anakinra can improve the survival rate of non-invasive ventilation and had no significant adverse effects (Huet et al., 2020; Franzetti et al., 2021). A retrospective cohort study showed that patients who received high-dose of anakinra intravenously (5 mg/kg, twice a day) could choose to remove mechanical ventilation since their respiratory function was improved (Cavalli et al., 2020). Four other cohort studies (Franzetti et al., 2020; Huet et al., 2020; Iglesias-Julián et al., 2020; Pasin et al., 2021) similarly showed the beneficial efficacy of anakinra against COVID-19. However, further studies are needed to determine the appropriate timing and dosage of anakinra, as well as to screen for molecular classifications of individual inflammatory responses to ensure the maximum therapeutic effect. It is worth noting that because the use of glucocorticoids can lead to an increase in insulin demand, patients with type 2 diabetes should choose IL-1 inhibitors and use glucocorticoids with caution (Cavalli et al., 2021).
Inhibition of GMC-SF Signaling
GMC-SF is a proinflammatory cytokine. In the early stage of SARS-CoV-2 infection, GM-CSF can enhance the immunity of the body and protect the lungs from secondary bacterial infection after the viral invasion (Bonaventura et al., 2020). However, in COVID-19 cases accompanied by a cytokine storm, the myeloid cell growth factor GM-CSF was significantly increased, possibly leading to the recruitment and activation of monocytes (Thwaites et al., 2021). In this case, too much GM-CSF is not helpful. Blocking GM-CSF signaling by binding to GM-CSF or GM-CSF receptors may help to ameliorate lung damage caused by excessive inflammation. In a retrospective cohort study to evaluate the efficacy of lenzilumab, the clinical improvement rate of lenzilumab group was 91.7% compared with the control group (81.5%), and the inflammatory markers were reduced (Temesgen et al., 2020).
Inhibition of Janus Kinase Pathway
Janus kinase signal transduction and transcription activator (JAK-STAT) signaling pathway can regulate cell growth, differentiation, survival, and pathogen resistance (Owen et al., 2019). In addition, a large number of cytokines involved in the inflammatory response and autoimmune diseases transduce signals through JAK-STATs (Banerjee et al., 2017).
The JAK1/2 inhibitor ruxolitinib is a kind of drug for the treatment of autoimmune diseases, which can reduce inflammatory cytokines. A clinical study of 601 patients in Italy and Spain showed that the JAK inhibitor neratinib inhibited the release of pro-inflammatory cytokines and protected organs with high expression of ACE2 receptors. The mortality rate and the need for invasive mechanical ventilation in the neratinib group were 16.9%, about half of those in the untreated group (34.9%) (Stebbing et al., 2021). Therefore, blocking the JAK/STAT pathway has potential value in the treatment of hyperimmune syndrome in COVID-19 (Bagca et al., 2020).
Corticosteroids
Corticosteroids are widely used in inflammatory diseases and ARDS (Barnes et al., 2011) to calm the CS (Pearson et al., 2021) because of their anti-inflammatory and immunosuppressive effects (Martin-Loeches et al., 2021). However, corticosteroids may cause increased SARS-CoV-2 viral load and prolonged infection, even leading to adverse reactions such as liver injury and multiple organ failure, because corticosteroids inhibit immune surveillance (Li et al., 2021). Corticosteroids should not be used to treat lung injury or shock caused by 2019-nCoV (Russell et al., 2020). Thus, in the course of the treatment, corticosteroids have produced controversial and inconclusive results (Lupia et al., 2020; D'Elia et al., 2013; Simmons and Farrar, 2008). From July to September 2020, many clinical trial reports with a positive effect based on the use of hormone were published. For example, dexamethasone can reduce 28-days mortality in patients who require mechanical ventilation (Horby et al., 2020; Olender et al., 2020; Tomazini et al., 2020). World Health Organization organized a meta-analysis of seven clinical trials worldwide, involving 1703 critically ill patients who were treated with corticosteroids including dexamethasone (low dose 6 mg/d, high dose 20 mg/d), hydrocortisone (200 mg/d), and methylprednisolone (80 mg/d) for 7–10 days. The studies showed a 20% reduction in 28-days all-cause mortality. And there was no evidence of an increased risk of serious adverse events (Sterne et al., 2020).
Based on such studies, WHO has published guidelines about corticosteroids for the treatment of patients with COVID-19. In these guidelines, the panel recommended systemic corticosteroid therapy for critical patients with COVID-19. However, there are no clear, objective and quantifiable indicators. Therefore, the “use boundary” of hormonal agents is an urgent clinical issue to be addressed in COVID-19 treatment. Keller et al. used the initial level of CRP >/= 20 mg/dl as the standard for the use of glucocorticoids (Keller et al., 2020). Recently, Cai j et al. Studied 12,862 cases of COVID-19 and found that low-dose corticosteroid therapy can reduce 60-days mortality in patients with neutrophil to lymphocyte ratio greater than 6.11 (Cai et al., 2021). To assess the safety of glucocorticoids, Xian Wang et al. found no significant difference in the incidence of serious adverse events in a meta-analysis of 6,250 patients compared with patients who did not use glucocorticoids (Ma et al., 2021).
Convalescent Plasma Therapy
The majority of patients who recovered from COVID-19 develop antibodies (Malani et al., 2020). The affinity of the SARS-CoV-2 antibody is correlated with higher neutralization titer (Benner et al., 2020). And the safety of convalescent plasma therapy has been initially evaluated (Joyner et al., 2020b; Joyner et al., 2020c). Infusion of it into the patients’ body can effectively enhance the humoral immune response, reduce the viral load, and inhibit the potential cytokine response (Hung et al., 2011; Shen et al., 2020; Xi et al., 2020). Kai D et al. used convalescent plasma with antibody titer ≥1 ∶ 640 to treat COVID-19 patients, clinical indicators were significantly improved, including an increase of plasma antibody titer, lymphocyte number, a decrease of CRP, viral load, and good tolerance (Duan et al., 2020).
Early randomized trials using convalescent plasma therapy focused on hospitalized patients with moderate or severe disease severity proved that the treatment effect was not obvious (Agarwal et al., 2020; Li et al., 2020; Simonovich et al., 2020). On February 18, 2021, listser et al. conducted a randomized controlled trial of 160 elderly patients who presented with mild symptoms within 72 h. This study compared 250 ml of convalescence-stage plasma with anti-SARS-CoV-2 spines (S) protein IgG titer >1∶1,000 with a normal saline placebo. Finally, they found recovery period plasma slowed down the progression of disease (Libster et al., 2021). Four retrospective studies found that high-titer antibody plasma can reduce mortality within 72 h after infection with the SARS-CoV-2 virus (Joyner et al., 2020a; Joyner et al., 2021; Klassen et al., 2021; Klassen et al., 2021). Therefore, COVID-19 convalescent serum should be used before the onset of early symptoms or autohumoral response (Gharbharan et al., 2021).
Mesenchymal Stem Cells Therapy
Mesenchymal stem cells (MSC) can be obtained from bone marrow, organ stroma, and other connective tissues (Naji et al., 2019). MSC can interfere with the activation and maturation of antigen-presenting cells, inhibit the proliferation of T lymphocytes, and affect the differentiation of dendritic cells, thereby playing a role in immune regulation and immunosuppression (Duffy et al., 2011). Furthermore, MSC can sense inflammatory cytokine signals and migrate to the inflammatory site, to play the role of inflammatory chemotaxis (Wang et al., 2014). Importantly, MSC has low immunogenicity, so there is less chance of immune rejection (Ankrum et al., 2014). MSC treatment of COVID-19 is safe and well-tolerated, and has shown good efficacy in shortening the course of the disease, reducing lung injury, and lowering cytokine levels (Meng et al., 2020; Yip et al., 2020; Häberle et al., 2021; Shi et al., 2021). The underlying mechanism of MSC in the treatment of COVID-19 is not elucidated, but current clinical evidence suggests that MSC-based therapy has the potential to be a supporting strategy (Zhu, et al., 2020).
Other Treatments
Because of the immunopathological characteristics of COVID-19, there are many potential COVID-19 immunotherapy strategies. For example, IL-15 immunotherapy (Kandikattu, et al., 2020) and anti-TNFα antibodies (Kunisaki, et al., 2020) are also promising therapeutic strategies. In addition, NK cell-based therapy helps protect the body from SARS-COV-2 infection and enhances the immune response (Market, et al., 2020). Treg cell-based therapy, by overcoming immune dysfunction, will also be an effective treatment for COVID-19 (Yang, et al., 2020).
DISCUSSION
In this review, several commonly used cytokine inhibitors were summarized, including inhibition of IL-6 signaling, IL-1 signaling, GMC-SF signaling, and JAK pathway. These cytokine inhibitors have therapeutic benefits for patients with COVID-19 but there are still some limitations. First, not all regions have the conditions to detect the level of cytokine storms in the circulatory system. Second, the levels of cytokines in the circulatory system may not accurately reflect the levels in local tissues. Third, cytokines are an important part of the antimicrobial response in the body, and patients with CS have immunodeficiencies, so the use of cytokines targeting inhibitors may lead to a reduced ability to eliminate SARS-CoV-2 (Lauder et al., 2013). To prevent secondary infection, it can be combined with antiviral drugs (such as oseltamivir) and broad-spectrum antibiotics (Wong et al., 2017).
At present, the application of corticosteroids in viral pneumonia is also controversial, because it can not only reduce the excessive inflammatory response but also delay virus clearance due to immunosuppressive effects. High-dose glucocorticoid therapy for COVID-19 does carry the risk of secondary infection and long-term complications. However, for severe patients, multiple organ damage caused by a large number of inflammatory factors may speed up the exacerbation of the disease and even threaten life. Therefore, when it is used in severe patients with COVID-19, the timing, dosage, and course of treatment should be precisely controlled. Based on the current research status, advantages and disadvantages should be balanced carefully before using corticosteroids. The dose of corticosteroids should be low to moderate (Shang et al., 2020).
There is increasing evidence that convalescent plasma therapy may be more effective in preventing diseases in contact than in treating diseases (Casadevall et al., 2020). Since the virus replicates very rapidly in the patient’s body, the optimal time for plasma therapy is likely to be missed. In the future, the optimal dose and timing, as well as the definite clinical benefit of CP therapy, need to be further investigated in randomized clinical studies.
In previous studies, ACE2 was universally acknowledged as the COVID-19 receptor protein. However, Chinese scientists recently conducted the largest single-cell study in the world, sequencing and data analysis of nearly 1.5 million single-cell transcriptomes (Ren et al., 2021). In this study, the nucleic acid sequence of COVID-19 was detected in a variety of immune cells. However, ACE2 was hardly expressed in immune cells. Therefore, we can speculate that COVID-19 may have potential new receptors, a wider host cell range, and even more transmission channels. Considering that the host’s local or systemic response mechanism to infection has not yet been fully clarified, more researches are needed to clarify the precise pathological mechanism. It is believed that in the future, more immune modulators will be used for the treatment of cytokine storm-related diseases.
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Gliomas are the most common primary tumors of the central nervous system. Due to the existence of the blood-brain barrier and its unique regional immune characteristics, the study of the immune microenvironment of gliomas is particularly important. Glioma stem cells are an important cause of initiating glioma, promoting tumor progression and leading to tumor recurrence. Immunotherapeutic strategies targeting glioma stem cells have become the focus of current research. This paper will focus on the research progress of glioma stem cells in the immune microenvironment of glioma to provide the basis for the immunotherapy of glioma.
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INTRODUCTION
Glioma is one of the most common malignant tumors of the central nervous system. According to the statistics of brain Tumor Registry in the United States, glioma accounts for about 80% of all malignant tumors of the central nervous system, and more than half of gliomas are glioblastoma (GBM) (Ostrom et al., 2015). GBM growth is aggressive, causes tumor recurrence, migration, so that it is difficult to cure. Currently, the standardized treatment plan for glioma, namely, the maximum safe surgical resection of the tumor supplemented by postoperative concurrent chemoradiotherapy or adjuvant chemotherapy, has a very poor prognosis with a median survival of only 15 months due to its rapid growth, high invasiity and multi-tolerance of chemoradiotherapy (Eder and Kalman, 2014; Wang et al., 2016). Even emerging molecular targeted therapy, electric field therapy and other methods, but these can only alleviate the disease to a limited extent, there is no significant improvement in overall survival. Recent studies have shown that the brain can connect to the peripheral immune system through meningeal lymphatic vessels. This subversive finding reconsiders the relationship between the brain immune microenvironment and neurological diseases (Louveau et al., 2016). Immunotargeted therapy is a hot topic in glioma treatment (Agarwal et al., 2011). Glioma stem cells (GSCs) play an important role in initiating glioma, promoting tumor progression and leading to tumor recurrence (Singh et al., 2004; Sundar et al., 2014). In the microenvironment of glioma, GSCs can not only cause reprogramming of related cells in the microenvironment, but also have a high inhibitory effect on the antitumor activity of immune cells (Laterra et al., 2021). The study of GSCs in glioma immune microenvironment and targeting GSCs therapy have become the forefront focus of neurooncology. In this paper, we will review and analyze the research progress of glioma immune microenvironment and targeted immunotherapy for GSCs.
IMMUNE MICROENVIRONMENT IN GLIOMA
The microenvironment of glioma tissue is composed of tumor cells, immune cells and various cytokines secreted by them. These cytokines, including pro-inflammatory factors, anti-inflammatory factors and chemokines, constitute a microenvironmental network, which interact with each other to jointly regulate the regional immune effect and ultimately determine the outcome of the disease (Grabowski et al., 2021).
Glioma highly inhibits tumor immunity, and glioma cells produce immunosuppressive factors such as TGF-β, IL-10 and indoleamine–pyrrole 2, 3-dioxygenase (IDO) (Tran et al., 2007; Preusser et al., 2015) Glioma also expresses immune checkpoint ligand to inhibit immune response (Garber et al., 2016; Hodges et al., 2017), so it is difficult to use immunotherapy to treat glioma. In addition, Glioma tumor microenvironment is filled with a large number of regulatory T cells (Tregs), M2 tumor-associated macrophages (TAMs), and myeloid inhibitory cells (MDSCs), which are closely related to the poor prognosis of glioma (Yue et al., 2014). Many clinical trials have been conducted to suppress immune checkpoints by reinvigorating the body’s immune system against glioma (Preusser et al., 2015).
Immune Cells
Macrophage and Microglia
Macrophages infiltrated by gliomas mainly come from monocytes in peripheral blood circulation, which are recruited to tumor regions and differentiated into tumor infiltrating macrophages (Sica and Bronte, 2007). Gliomas associated macrophages are usually immunosuppressive (Grabowski et al., 2021). Promote the fine direct contact between macrophages and tumors to create conditions for tumor cells to induce immunosuppression of macrophages (Zheng et al., 2013). Antitumor drugs targeting macrophages (Yu et al., 2021), such as colony-stimulating factor-1 receptor (CSF-1R), have been used to create glioma models in mice (Pyonteck et al., 2013; Sun et al., 2019; Akkari et al., 2020) found that targeting these Gliomas associated macrophages populations using a colony-stimulating factor-1 receptor (CSF-1R) inhibitor combined with radiotherapy substantially enhanced survival in preclinical models.
Microglia are both CNS-resident myeloid cells and the most important form of defense in the central nervous system. Ye et al. found that a large number of microglial cell infiltrates in gliomas, and the degree of infiltration is positively correlated with the degree of malignancy of gliomas (Ye et al., 2012). Glioma-derived factors can enhance the migration and continuous proliferation of microglia and promote the local aggregation of microglia in tumors by enhancing the adhesion kinase and PI3K/Akt pathway (Ellert-Miklaszewska et al., 2013). Microglia not only express CSF1R, but also GABA receptors (Beppu et al., 2013; Liu et al., 2016). Glutamate induces targeted chemotaxis of microglias to glioma margins and releases ligands in an AMPAR-dependent manner, promoting invasion of glioma cells and stemness activation of GSCs (Guo et al., 2009). In synaptic studies (Parkhurst et al., 2013; So-Hee et al., 2013; Miyamoto et al., 2016), microglia have been found to mediate synaptic formation through direct contact or secretion of soluble proteins BDNF or IL-10. However, GSCs induce IL-10 secretion through microglia (Wu et al., 2010), suggesting that GSCs secrete IL-10 through a bidirectional signaling axis by microglia, leading to abnormal synaptic formation, which also provides potential research direction for immunotherapy targeting GSCs.
Macrophages and microglias showed mutual activation and counterbalance in glioma immune microenvironment and tumor progression. The specific and unique roles of microglia and macrophages depend on their localization in and around the tumor (Radin and Tsirka, 2020). Studies on IDH mutated gliomas have found that macrophage transcription programs on microglias increase with tumor grade (Venteicher et al., 2017). Studies in mouse glioma models have found that microglias are predominantly located in the margins of gliomas, where they may promote spatially related behaviors such as invasion, proliferation, and stemness (Hambardzumyan et al., 2015; Shen et al., 2016; Caponegro et al., 2020). Caponegro et al. found that microglias promote the recruitment of anti-inflammatory macrophages and T regulatory cells from systemic circulation by releasing chemokines such as CCL2 (Caponegro et al., 2020). Their study also found that the enrichment of associated microglias around gliomas was associated with reduced patient survival. Microglia can also promote stem cell differentiation by releasing IL-6 (Wang et al., 2009; Zhang et al., 2012), which in turn induces GSCs to recruit anti-inflammatory macrophages by releasing osteoperioprotein (Zhou et al., 2015). An increased proportion of macrophages was found in studies of recurrent gliomas, which may indicate that macrophages play a potential role in mediating the recurrence of gliomas after radiation (Akkari et al., 2020).
Regulatory T Cells and Myeloid-Derived Suppressor Cells
Regulatory T cells (Treg) and Myeloid-derived suppressor cells (MDSC) play an immunosuppressive role in glioma and are important reasons for mediating immune escape. Treg does not exist in normal human brain tissue, but there are a large number of immunosuppressive Treg cells in GBM microenvironment, and the degree of Treg infiltration in glioma is closely related to tumor origin and pathological grade (Heimberger et al., 2015). Treg not only inhibits the activation of effector T cells by presenting surface antigens (Mccoy and Gros, 1999), but also inhibits the functions of other immune cells by secreting cytokines (IL-10, TGF-β and so on) and induces the transformation of T cells into Treg (Câmara et al., 2003; Cantini et al., 2011). Liu et al. found that Treg infiltrated densely in gliomas induced the expression of stemness related genes CD133, SOX2, NESTIN and so on, activated GSCs and promoted tumor growth by secreting TGF-β mediated NF-κB-IL6-STAT3 signaling pathway (Liu et al., 2021). In addition, their results showed that blocking the IL-6 receptor with tocilizumab eliminated this effect in in vitro and in vivo models.
MDSC are a type of heterogeneous cells, including immature macrophages, granulocytes, dendritic cell (DC), and other myeloid cells in the early stage of differentiation. Its main functions include promoting the increased expression of immunosuppressive molecules (IL-10, TGF-β and so on), inhibiting DC differentiation, inhibiting phagocytosis, reducing NK cell cytotoxicity and inducing T cell apoptosis (Rodrigues et al., 2010). Clinical studies have shown that COX-2 inhibitors (such as aspirin) can inhibit gliomas (Fujita et al., 2011). The mechanism may be that the COX-2 pathway can promote the formation of MDSC and the microenvironment of its polymerization, inhibit the infiltration of cytotoxic T lymphocytes, and thus promote the growth of glioma. The infiltration and accumulation of MDSC and Treg in GBM drives the local immunosuppression influenced by other immune cells. Chang et al. found that macrophage and microglia in the glioma microenvironment produce chemokine CCL2, which is crucial for recruiting Treg and MDSC (Chang et al., 2016). Their results showed that in a mouse glioma model, tumors growing in CCL2-deficient mice did not maximize the accumulation of Treg and MDSC.
Natural Killer Cells
Natural killer (NK) cells can secrete perforin and granase to induce apoptosis or necrosis of target cells. In gliomas, NK cells are the first to be recruited to the glioma region, but their function is inhibited, and the degree of functional inhibition is positively correlated with the degree of malignancy of gliomas (Dix et al., 1999). Glioma cells can inhibit NK cells’ function not only by direct contact, but also by secreting inhibitory factors (Aldemir et al., 2005; Hao et al., 2011; Wolpert et al., 2012). In addition, (Orozco-Morales et al., 2015) found that the specific changes of tumor suppressor factor (Rb) and proto-oncogene (Ras) were also an important reason for the resistance of glioma cells to NK cell-mediated cytotoxicity. Therefore, adoptive immunotherapy based on NK cells is a promising immunotherapeutic strategy for glioma. In vitro studies have shown that GSCs can express high levels of PVR and adhesin 2, and NK cells activated receptor DNAM⁃1 can specifically recognize the above two ligands, thus killing GSCs (Castriconi et al., 2009). They also found that GSCs derived from GBM were highly sensitive to NK cell-mediated live lysates stimulated by IL⁃2 or IL⁃15 (Castriconi et al., 2009).
Cytokines
In the tumor microenvironment, cytokines are communication mediators between cells and tissues, and are closely related to the differentiation and activation of immune cells in the tumor microenvironment. Immunoregulatory cytokines such as pro-inflammatory factors (IL-1, IL-2, TNF-α, IFN-γ), anti-inflammatory factors (IL-10, TGF-β), and chemokines (CCL-2, CCL-5, CCL-7, CX3CL1) are synthesized and secreted in the microenvironment of glioma. These cytokines and their receptors form a comprehensive regulatory network in the local tumor, and play an important role in tumor progression and tumor immune response. Here we introduce some of the latest and most popular factors.
Transforming Growth Factor⁃β
Transforming growth factor⁃β (TGF-β) signal transducing pathway is involved in multiple links of glioma genesis and malignant progression, and the change of TGF-β expression in serum of patients with malignant glioma is positively correlated with tumor grade and prognosis. TGF-β can induce monocyte recruitment, macrophage phagocytosis inhibition, tumor local T cell proliferation inhibition and other effects (Wu et al., 2010). TGF-β signal transduction pathway mainly regulates stem cell-related genes (such as SOX2 and SOX4) to achieve self-renewal and inhibit differentiation of GSCs (Ikushima et al., 2009; Peñuelas et al., 2009). Activation receptor NKG2D expressed by NK cells and CD8+T cells plays a role in specific killing of transformed cells. Crane et al. found that GBM could down-regulate NKG2D by secreting TGF-β, thus inhibiting the killing function of NK cells and CD8+ T cells (Crane et al., 2010).
Chemokines
Chemokines play an important role in the local migration of immune cells such as microglias and macrophages to tumors. Studies have shown that the high expression of inflammatory chemokines ligand 1 (CXCL1) and ligand 2 (CXCL2) is closely related to tumor invasion, metastasis and poor prognosis (Miyake et al., 2014; Seifert et al., 2016). CXCR2 is the only receptor for CXCL1 and CXCL2, and is highly expressed mainly in myeloid cells, including neutrophils, monocytes and macrophages. These receptors guide the migration of myeloid derived cells from the bone marrow to tumor regions where CXCL1 and CXCL2 are highly expressed, inhibit the activity and proliferation of effector T cells, and stimulate the growth of regulatory T cells, thereby promoting tumor immune escape (Oppenheim et al., 1991; Gabrilovich et al., 2012). In addition to suppressing immunity, CXCL1 and CXCL2 also recruit myeloid cells to produce paracrine factors such as S100A9 and promote tumor cell survival (Acharyya et al., 2012; Alafate et al., 2020) found that silencing CXCL1 can down-regulate NF-κB and mesenchymal cell transformation, and inhibit the growth of human glioma xenograft (Alafate et al., 2020).
Hu et al. found that the high expression of CXCL1 and CXCL2 was closely related to the invasiveness of glioma. The high expression of CXCL1/CXCL2 promoted the migration of myeloid cells and disrupted the accumulation of CD8+T cells in the tumor microenvironment, leading to accelerated tumor proliferation. Inhibition of CXCL1/2 significantly prevented myeloid inhibitory cell migration and increased CD8+T cell accumulation in vitro and in vivo. CXCL1/2 also promoted the expression of paracrine factor S100A9, activated ERK1/2 and p70S60k, and promoted tumor growth, while blocking CXCL1/2 down-regulated the expression of these pro-survival factors and slowed tumor growth. Targeting CXCL1/2 with standard chemotherapy can improve the chemotherapy efficiency of glioma and prolong the survival of glioma mice (Hu et al., 2021).
Oncostatin M
Oncostatin M (OSM) is another cytokine with important biological significance. Its main function is to inhibit the growth of various tumor cells and induce the differentiation of some tumor cells. Oncostatin M receptor (OSMR) is widely distributed on the surface of many tumor cells, endothelial cells and epithelial cells. The inhibitory effect of tumor cell growth and differentiation induced by statin M is exerted by specific high-affinity receptors (Auguste et al., 1997; Liu et al., 1998). Previous single-cell RNA sequencing by researchers found that malignant glioma cells had four states: neural progenitor cell-like (NPC-like), oligodendrocyte progenitor cell-like (OPC-like), astrocyte like (AC-like) and mesenchymal like (MES-like), indicating that tumor cells have potential state plasticity (Tanay and Regev, 2017; Neftel et al., 2019). The frequency of the first three states in tumors is affected by some driving genes (such as CDK4, PDGFRA, EGFR, etc.). Mesenchymal tumor cells are almost nonexistent in normal human brain tissue and are associated only with genetic changes, and they have been poorly studied. Previous studies have shown that TCGA-MES subtype is related to the abundance of macrophages, and NF1 mutation or deletion in TCGA -MES rich tumors increases the recruitment of macrophages (Wang et al., 2017). Therefore, TCGA-MES is related to the increased abundance of macrophages in tumors, which may explain its advantage in recurrent diseases (Qzawa et al., 2014; Hara et al., 2021) found that MES status of GBM was closely related to macrophage expression, T cell abundance, and increased cytotoxicity in both the mouse model and GBM globule model. The results of this study show that OSM secreted on macrophages induces the transition of MES like glioma cells to MES like state. In addition, OSM-mediated induction mainly comes from the regulation of STAT3, and MES-like tumor cells are also associated with increased mesenchymal expression of macrophages and increased cytotoxicity of T cells. This study highlights the influence of changes in immune microenvironment on tumor cell state, and the combination of changes in tumor cell state and activation of the immune system has a good potential therapeutic effect.
The local aggregation of the above immune cell subsets and cytokines in glioma fully demonstrates that they jointly form an immunosuppressive microenvironment in glioma and hinder the production of anti-tumor immune response. Therefore, how to reduce or reverse this state of inhibition, will continue to receive attention.
GSCS AND GLIOMA IMMUNE MICROENVIRONMENT
Tumor stem cells account for a small proportion of tumor cells, and have the biological characteristics of self-renewal, multilineage differentiation and tolerance to conventional therapy. GSCs are the cells that play a tumor initiation role in glioma (Sundar et al., 2014). With high heterogeneity, they can induce tumor angiogenesis, promote tumor invasion and dissemination, and are highly tolerant to radiotherapy and chemotherapy (Folkins et al., 2007). Under the pressure of conventional treatment, they can rapidly rebuild tumors, leading to rapid recurrence of glioma (Zhi et al., 2010). The surface of GSCs can express different proteins, which are closely related to the maintenance of their homeostasis. These cell surface proteins are ideal markers for screening and targeting GSCs, among which CD133 is the most classic (Sundar et al., 2014). Other well-studied surface markers include SOX2, KLF4, C-myC, Nestin, Oct4 and A2B5, etc. Early studies targeted GSCs by preparing specific monoclonal antibodies targeting these markers. Cells in the GSCs microenvironment can secret a variety of cytokines, such as vascular endothelial growth factor (VEGF), hypoxia-inducing factor (HIF), and fibroblast growth factor 2 (FGF2), to stimulate GSCs to self-renew, induce angiogenesis, recruit immune cells, and promote tumor cell invasion and metastasis (Hambardzumyan and Bergers, 2015).
Immunotherapy Targeting GSCs
Oncolytic Virus Targeting GSCs
Oncolytic viruses (OVs) are therapeutics designed to selectively multiply and kill tumor cells. An important design principle is to weaken or delete virulence factors so that the oncolytic virus cannot replicate in normal tissues, but still retain the ability to replicate and kill tumor cells in tumor cells, at the same time it also can stimulate the immune response, attract more immune cells to continue to kill residual cancer cells (Muik et al., 2014; Fukuhara et al., 2016). However, the ability of oncolytic viruses to spread, cross the host tumor and penetrate the blood-brain barrier is very limited, which limits their application in glioma. Neural Stem Cells (NSCs) are pluripotent progenitor Cells derived from the developing and adult central nervous system (Conti and Cattaneo, 2010). Preclinical experiments have shown that NSC can cross the blood-brain barrier, reach the tumor region, surround the tumor boundary, and migrate within the brain to target glioma cells (Aboody et al., 2000). The ability of NSCs to migrate and spread freely within tumors can be used to deliver therapeutic molecules across the blood-brain barrier to target glioma cells. Kim et al. modified an oncolytic adenovirus (CRAd-S-pk7), which improved viral replication and targeting to glioma cells, and increased the anti-tumor activity and survival rate of mice (Kim et al., 2016). By combining the tumor propensity of NSCs with the ability of CRAd-S-pk7 to target GSCs, they engineered an NSC-provided engineered oncolytic virus (NSC-CRAd-S-pk7), which extended the median survival of mice treated with it by 50%. In a recently published phase one trial, NSC-CRAd-S-pk7 injection was shown to be safe and effective in patients with newly diagnosed GBM during surgery (Fares et al., 2021). The results also suggest that multi-site injection in the brain can increase virus coverage and improve treatment efficiency, and that concurrent use of chemoradiotherapy can enhance the replication capacity of oncolytic adenovirus, which is expected to further improve treatment effectiveness. Neurotropic viruses as oncolytic viruses in the treatment of brain tumors have become the focus of attention because of their ability to cross the blood-brain barrier. The Zika virus (ZIKV) outbreak in 2015 became a global public health emergency. This latest study shows that ZIKA virus can target glioblastoma stem cells through the SOX2-integrin αVβ5 axis to exert antitumor effect (Zhu et al., 2020). They found that ZIKV was more likely to infect GSCs from the patient’s source. At the same time, ZIKV could significantly induce apoptosis and inhibit proliferation of GSCs. SOX2 is an important regulator of GSCs with high expression, which can induce cell pluripotency and maintain the characteristics of stem cells. After knocking down SOX2, GSCs are less susceptible to ZIKV infection. Integrin αVβ5 was associated with the expression of SOX2 and other GSC markers. Inhibition of αVβ5 significantly reduced viral infection and inhibited the effect of ZIKV on neuroglobulogenesis. Integrin αVβ5 plays an important role in ZIKV infection and cell damage. Therefore, the results of this study confirmed the oncolytic activity of ZIKV against GSCs and correlated with αVβ5 expression. Friedman et al. found that the modified HSV-1 oncolytic virus (G207) is highly sensitive to treating high-grade gliomas in children. The results showed that G207 could transform immunologically “cold” tumors into “hot” tumors (Friedman et al., 2021). In addition, because the GSCs are highly enriched in integrins such as αVβ3 or αVβ5, the oncolytic viruses designed by genetic engineering technology can enter the glioma stem cells through these integrins and play an anti-tumor role, of which DNX⁃2401 is an oncolytic virus with tumor specificity and strong infectivity. It has been used in phase I clinical trials with good safety, significantly reduced tumor volume and prolonged patient survival (Jiang et al., 2007; Lang et al., 2018).
Tumor Vaccines Targeting GSCs
Tumor vaccines can activate the host immune system to recognize and kill tumor cells, which is an active immunotherapy. The best way to activate the immune system is to stimulate multifunctional antigen presenting cells (APC), such as DC, macrophages, and B lymphocytes (B cells), among which DC is the best choice. GSCs have the same ability to sensitize DC, so the direct targeting of this tumor cell subpopulation and the establishment of tumor vaccines against glioma are expected to be effective therapeutic programs (Finocchiaro and Pellegatta, 2015). In recent years, SOX2, as an important transcription factor for maintaining glioma stem cells, has been considered as a new target for active immunotherapy. SOX2 peptide vaccine can significantly enhance systemic and local immune responses, and prolong the survival of tumor-bearing animals in tumor models, with definite efficacy observed regardless of whether combined with chemotherapy (Favaro et al., 2014). Therefore, glioma stem cell-related vaccines targeting SOX2 and other glioma stem cell-related genes may provide a new regimen for active immunotherapy. Epidermal growth factor receptor variant III (EGFRvIII), the most common EGFR gene specific mutation in glioma and GSCs. In recent glioma studies, it has been found that the EGFRvIII resulting from the in-frame deletion of the EGF receptor gene is not only overexpressed and carcinogenic, but also exists in tumor stem cells with high immunogenicity. Therefore, it has great potential as a target for immunotherapy. As a synthetic peptide that can specifically recognize EGFRvIII, pepVIII has shown a good application prospect in the test of glioma. In particular, in the latest glioma study, a variant peptide vaccine (Y6-pepVIII) designed by the researchers was found to significantly enhance the immune response and improve survival in mice (Fidanza et al., 2021). Their results showed an increased proportion of CD8+ T cells in tumors of mice receiving Y6-pepVIII vaccine, and both CD4+ and CD8+ T subsets were involved in antitumor responses.
Monoclonal Antibodies Targeting GSCs
Monoclonal antibodies (Mabs) play an important role in tumor immunotherapy due to their direct cell-killing and immunomodulatory effects (Guo et al., 2011). Previous clinical studies on anti-EGFR antibody in glioma have found that antibody-mediated therapy has a potential application prospect (Herbst and Shin, 2002). However, bevacizumab, the first monoclonal antibody against endothelial production factor (VEGF) approved by the US Food and Drug Administration (FDA) for the treatment of high-grade gliomas, has significant anti-tumor angiogenesis. It will greatly improve the killing and inhibition of glioma stem cells by other therapies (Calabrese et al., 2007), but interestingly, no significant survival benefit has been observed in subsequent clinical trials (Zhuang et al., 2016). Recent studies have found that Semaphorin3A (SEMA3A), as an axon guide factor, has carcinogenic effect in several cancers (Kigel et al., 2008). Lee et al. found that SEMA3A was highly expressed in human glioma specimens. The SEMA3A antibody developed by them significantly inhibited the migration and proliferation of GBM patient-derived cells and U87-MG cells in vitro, and inhibited tumor by down-regulating cell proliferation dynamics and tumor-associated macrophage recruitment in PDX model (Lee et al., 2018). These different findings need to be further explored.
Therapeutic Strategies for Immunosuppression of GSCs Microenvironment
Recent studies have shown that there is a mechanism in the immune microenvironment of tumor stem cells that inhibits the immune response and interferes with the surveillance role of the immune system. Immune checkpoints play a key role in the immunosuppressed tumor stem cell microenvironment, and the intervention of these immune checkpoints has become an important target of tumor immunotherapy (Pardoll and Drew, 2012; Topalian et al., 2015). During tumorigenesis, the immune checkpoint interaction between GSCs and immune cells changes from stimulating to inhibiting (Zhai et al., 2020).
The most representative immune checkpoints are cytotoxic T lymphocyte-associated protein antigen-4 (CTLA-4) and programmed cell death-1 (PD-1) (Buchbinder and Desai, 2016). CTLA-4 is a negative regulator of T cells and has a high affinity with T cells, which leads to depletion and inhibits their activation (Four et al., 2016; Chikuma, 2017). Anti-CTLA-4 treatment can remove the inhibitory effect of T cells, thus supporting the anti-tumor immune response (Fecci et al., 2014). PD-1 is expressed in various immune cells (Alsaab et al., 2017) and is highly expressed in malignant tumor tissues, which is associated with T cell depletion (Ohaegbulam et al., 2015). The interaction between CTLA-4 and PD-1 significantly inhibited the secretion of IFN⁃γ by activated T cells and impaired the function of T cells (Que et al., 2017). Therefore, joint blocking of CTLA-4 and PD-1 signal transduction pathway may be an effective way to rescue immunosuppression of malignant tumors including glioma and maintain anti-tumor immune response (Castro et al., 2014). Microrna (miRNA) regulate multiple gene transcripts and may involve multiple immune checkpoints, so they have potential as immunotherapies. Wei et al. found that mir-138 could bind the 3′ untranslated regions of CTLA-4 and PD-1, and mir-138 transfected human CD4+ T cells could inhibit the expression of CTLA-4 and PD-1 in transfected human CD4+ T cells (Wei et al., 2016). Immune checkpoint inhibitors that block the molecule CTLA-4 (2011) and PD-1 (2014) have been approved by the FDA. Among the immunotherapy drugs against PD-1 antibody, Nivolumab has attracted the most attention. In clinical efficacy observation, it was found that combined radiotherapy, chemotherapy and electric field therapy can improve the survival of some glioma patients to a certain extent (Preusser et al., 2015), improve prognosis and reduce adverse drug reactions (Chandran et al., 2017).
In addition, GSCs reduce T cell cognition and evade systemic immune monitoring by downregulation or defect of major histocompatibility complex I (MHC-I) molecules and antigen-processing mechanism (APM) components. Improving tumor surface antigens of GSCs may be an effective strategy for triggering adaptive immune responses and activating cytotoxic T cells (CTLs) to inhibit gliomas. A new research found that inhibition of histone deacetylase (HDAC) increased the expression of MHC-I and APM components, and enhanced the antitumor effect of tumor lysate vaccine by activating the destruction of CTLs (Yang et al., 2020). The enhanced T cell immune response induced by HDAC inhibition may provide a new direction for targeting GSCs-based immunotherapy.
CONCLUSION
GSCs and glioma immune microenvironment are the key factors in the development and progression of glioma. The complex multidirectional interactions between GSCs, various immune cells and cytokines eventually form a tumor-supporting immune microenvironment that promotes tumorigenesis, proliferation and invasion initiated by GSCs. The study on the immunosuppression mechanism of GSCs and glioma microenvironment will help us to further explore the immunotherapy strategies targeting GSCs and point out new directions for establishing effective therapeutic targets. We always believe that immunotherapy is the “ultimate killer” of glioma. Oncolytic virus immunotherapy targeting GSCs is the blade of this “sharp weapon” (Figure 1). In the context of the global COVID-19 pandemic, while we conquer it, its research in tumor and even glioma is worth paying close attention and thinking.
[image: Figure 1]FIGURE 1 | Schematic diagram of a simple simulation of the mechanism by which oncolytic viruses (OVs) targeting glioma stem cells (GSCs) exert glioma-inhibiting action. GSCs infected by genetically engineered oncolytic viruses that target dry-associated genes (e.g., SOX2-integrin αVβ5 axis) can be cleaved directly to destroy GSCs, and additional immune cells are recruited and chemotaxis around gliomas through the release of inflammatory factors to kill and inhibit gliomas.
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Atherosclerosis (AS) is the main pathological cause of acute cardiovascular and cerebrovascular diseases, such as acute myocardial infarction and cerebral apoplexy. As an immune-mediated inflammatory disease, the pathogenesis of AS involves endothelial cell dysfunction, lipid accumulation, foam cell formation, vascular smooth muscle cell (VSMC) migration, and inflammatory factor infiltration. The nuclear receptor peroxisome proliferator-activated receptor gamma (PPARγ) plays an important role in lipid metabolism, inflammation, and apoptosis by antagonizing the Wnt/β-catenin pathway and regulating cholesterol efflux and inflammatory factors. Importantly, PPARγ-dependant fatty acid uptake is critical for metabolic programming. Activated PPARγ can exert an anti-atherosclerotic effect by inhibiting the expression of various inflammatory factors, improving endothelial cell function, and restraining the proliferation and migration of VSMCs. Regulatory T cells (Tregs) are the only subset of T lymphocytes that have a completely negative regulatory effect on the autoimmune response. They play a critical role in suppressing excessive immune responses and inflammatory reactions and widely affect AS-associated foam cell formation, plaque rupture, and other processes. Recent studies have shown that PPARγ activation promotes the recruitment of Tregs to reduce inflammation, thereby exerting its anti-atherosclerotic effect. In this review, we provide an overview of the anti-AS roles of PPARγ and Tregs by discussing their pathological mechanisms from the perspective of AS and immune-mediated inflammation, with a focus on basic research and clinical trials of their efficacies alone or in combination in inhibiting atherosclerotic inflammation. Additionally, we explore new ideas for AS treatment and plaque stabilization and establish a foundation for the development of natural PPARγ agonists with Treg recruitment capability.
Keywords: atherosclerosis, peroxisome proliferator-activated receptor gamma, tregs, inflammation, immunoregulation
INTRODUCTION
Atherosclerosis (AS) is the main pathological basis of coronary AS, heart disease, cerebral infarction, and peripheral vascular diseases, which seriously threatens health and even lives (Scannapieco et al., 2003). The etiology and pathogenesis of AS are complex and involve various pathological processes from the onset of AS to plaque formation, rupture, and thrombosis, although, the specific mechanisms have not been fully clarified. Studies have implicated inflammation through the entire process of AS, and various cytokines and inflammatory factors act on different stages of AS (Ross, 1999).
Peroxisome proliferator activated receptor γ (PPARγ) is a type of nuclear transcription factor activated by ligands. PPARγ can regulate lipid metabolism, improve insulin resistance, suppress the transformation of macrophages into foam cells and their deposition on the blood vessel wall (Plutzky, 2000; Hsueh and Law, 2001). Furthermore, PPARγ agonists can antagonize the activation of the WNT/β-catenin pathway and affect metabolic reprogramming, attenuate the glycolytic pathway, repress excessive lactate production, and reduce mitochondrial damage, thereby inhibiting inflammation to exert its anti-atherosclerotic effect(Angela et al., 2016; Vallée and Lecarpentier, 2018).
Regulatory T cells (Tregs) are a special subset of T cells discovered in recent years. They play a crucial role in the regulation of immune tolerance, termination of the activated immune response, maintenance of immune homeostasis, and regulation of effector T lymphocytes (Veeken et al., 2016). Tregs have been implicated in delaying the progression of AS, mainly by inhibiting the secretion of cytokines, producing immunosuppressive enzymes, inhibiting macrophage inflammation, reducing plaque vulnerability, directly killing effector T cells, and regulating the maturation and function of dendritic cells (DCs) (Taleb et al., 2008; Ou et al., 2018).
Both PPARγ and Tregs are involved in immune regulation. PPARγ participates in the regulation of inflammation and the immune response, and is closely related to immune inflammation. Recent studies suggest that metabolism affects immune inflammation, and metabolic reprogramming plays an importance role in the regulation of immune inflammation, which is currently a hot topic of research (Ganeshan and Chawla, 2014). Tregs, as the main immune negative regulator cells, play a vital role in maintaining immune balance, inhibiting inflammatory response. Further, the activation of PPARγ can recruit Tregs, which in turn can inhibit the inflammatory response leading to significant anti-AS effects (Cipolletta et al., 2012; Hamaguchi and Sakaguchi, 2012). Given the role of PPARγ and Tregs in AS, this review focuses on the anti-inflammatory regulatory role of PPARγ and Tregs in the progression of AS and the mechanisms, involved, in order to provide a theoretical basis for further exploring the relationship between PPARγ and Tregs, and to promote novel approaches for the treatment of AS and stabilization of AS plaques.
The Complex Pathological Processes of Atherosclerosis
AS refers to the disease of medium and large arteries, which commonly manifests as endothelial dysfunction, endometrial lipid deposition, smooth muscle cell proliferation, cell apoptosis, and necrosis, as well as systemic and local inflammation.(Libby, 2021). AS pathogenesis is a complex process and many hypotheses have been formulated in an attempt to understand its underlying mechanisms, such as the lipid infiltrative theory (Dargel, 1989), oxidative stress theory (Harrison et al., 2003), and vascular smooth muscle cell (VSMC) cloning theory (Suttles et al., 1995). However, no single hypothesis can fully explain the pathological mechanisms of AS. In 1999, Ross proposed the concept of “AS is a chronic inflammatory disease”, revealing that AS involves a process of vascular damage caused by the interaction between vascular wall cells and blood cells combined with inflammatory and proliferative factors (Ross, 1999). These changes reveal that the immune inflammatory response is the first step in the formation of the AS plaque, and is also an important reason for the instability of atherosclerotic plaque. During the pathological process of AS, the increase in phagocytosis of ox-LDL by macrophages, leads to the formation of foam cells and their accumulation to form “Fatty Deposits” on the vascular wall, which is first macroscopic sign of atherosclerotic disease(Libby et al., 2019; Ali et al., 2020; Khatana et al., 2020; Munjal and Khandia, 2020). As the disease progresses, lipid-rich plaques develop. (Alexander and Owens, 2012; Cornelissen et al., 2019). Smooth muscle cells (SMC) migrate into the intima and prolificate, gradually forming the fibrous cap of the plaque, which is a critical event in the progression of AS lesions (Bennett et al., 2016). Meanwhile, under the stimulation of inflammation, activated endothelial cells, macrophages, and foam cells release pro-inflammatory cytokines and proteolytic enzymes, resulting in the thinning of plaque fibrous caps, the gradual instability of plaque, the formation of vulnerable plaques, and the central link of plaque rupture (Sevuk et al., 2015; Kolodgie et al., 2017). Therefore, taking measures to preventing of AS inflammatory response and increasing plaque stability have become an important area of research.
ATHEROSCLEROSIS AND THE IMMUNO-INFLAMMATORY RESPONSE
Atherosclerosis and Inflammation
Inflammation is the body’s defense response to irritants and is an important part of the immune system’s ability to perform its functions and maintain the body’s homeostasis (Hansson and Hermansson, 2011; Geovanini and Libby, 2018). In 1986, Ross first proposed AS as an inflammatory disease (Ross, 1986), and in 1999, explicitly emphasized that AS is a chronic progressive inflammatory disease (Ross, 1999). Over the past 20 years, extensive research has been carried out investigating AS inflammation. Maintaining the integrity of endothelial cells, inhibiting the migration and proliferation of smooth muscle cells, and preventing plaque rupture can effectively delay the progression of AS by inhibiting inflammation (Zhu et al., 2018; Bäck et al., 2019; Simonetto et al., 2019; Wolf and Ley, 2019; Das and Natarajan, 2020). Thus, the inflammatory response plays an important role in the initiation and development of AS.
Atherosclerosis and Immunity
Immunity refers to a physiological protective function of the body, including a series of processes such as recognition, elimination, and destruction of foreign substances, pathogenic organisms or non-altering organisms. Excessive or insufficient immunity can cause damage to tissues (Wolf and Ley, 2019). The immune response is present throughout the development of AS. The human immune response is divided into two main parts: innate immunity and adaptive immunity. Innate immunity is a natural defense system that is available from birth. The components involved in the immune system mainly include phagocytic cells, natural killer (NK) cells, lysozymes, and the complement, which play a non-specific defense role against foreign antigens. Adaptive immunity is an immune response that occurs when the body responds to a specific antigen. Antigen-presenting cells (APC) (DCs, macrophages) recognize and process antigens and present them to T or B lymphocyte surface receptors to induce a series of specific immune responses. A variety of immune cells, including monocyte-macrophages and T cells, involved in adaptive and innate immunity are active in the pathogenesis of AS. These immune cells regulate the balance between pro-AS inflammation and anti-AS inflammation through complex interactions, and participate in promoting/inhibiting AS lesions or reducing/increasing the stability of the AS plaque (Schaftenaar et al., 2016; Kobiyama and Ley, 2018; Bartoloni et al., 2019; Herrero-Fernandez et al., 2019; Zhao and Mallat, 2019).
Atherosclerosis and Innate Immunity
The innate immune cells mainly include mononuclear-macrophages and DCs. Macrophages are most closely associated with the occurrence and development of AS. In response to inflammatory signals, AS-associated immune cells initiate a process of “metabolic reprogramming”, defined by changes in cellular metabolic energy supply pathways (Ganeshan and Chawla, 2014) with a shift from oxidative phosphorylation (OXPHOS) to aerobic glycolysis, which is related to glucose uptake and glycolysis(Rashida Gnanaprakasam et al., 2018). Glycolysis is the main process through which macrophages obtain energy, and metabolic reprogramming is essential for maintaining macrophage activation and functions. Physiologically, human monocytes and macrophages are derived from the bone marrow, and enter the blood and tissues after differentiation and maturation. In the pathological state of AS, monocytes in the blood cross the endothelium gap into the subendothelial layer, and are transformed into macrophages under the stimulation of chemokines. The scavenger receptors modify lipoproteins by recognizing the proteases and oxygen free radicals they produce, to accelerate the ingestion of oxidatively modified low-density lipoprotein (ox-LDL) by macrophages, and which in turn transform into foam cells (Wang et al., 2019). In addition, metabolic conversion from fatty acid oxidation (FAO) and OXPHOS to glycolysis was also found in ox-LDL-stimulated pro-inflammatory macrophages (Sun et al., 2020). Excessive accumulation of foam cells forms atheromatous plaques. Macrophages can be polarized into M1 and M2 phenotypes in different microenvironments. Furthermore, M1 type macrophages are mainly induced by interferon (IFN) γ and lipopolysaccharide (LPS), and exert strong phagocytic activity, and secrete tumor necrosis factor (TNF)-α and other pro-inflammatory factors, inducing T helper 1(Th1) type cellular immune responses that mediate inflammation (Verreck et al., 2004; Vogel et al., 2013). M2 type macrophages are induced by interleukin (IL)-13 and can secrete many anti-inflammatory cytokines such as IL-10, to attenuate inflammation and promote tissue damage repair (Shirey et al., 2008; Martinez et al., 2009). Previous studies have shown that M1-type macrophages can induce smooth muscle cell proliferation and the release of vasoactive molecules such as nitroxide (NO) and endothelin, to promote the oxidation of LDL and induce cytotoxicity. Early AS plaques can be infiltrated by M2 type macrophages, but with disease progression, the number of M1 type macrophages increases and becomes dominant (Kirbiš et al., 2010). The increase of M1 type macrophages will promote the occurrence and development of AS, and together with transforming growth factor-β (TGF-β) released by M2-type macrophages can inhibit the recruitment of inflammatory cells, thus slowing down the development of AS (Shapouri-Moghaddam et al., 2018).
Atherosclerosis and Adaptive Immunity
Adaptive immune cells include T cells and B cells. T cells are closely associated with the development of AS. They exert pro-inflammatory or anti-inflammatory effects by secreting different cytokines or antibodies, and can also change phenotype according to the microenvironment, which suggests that T cells may have plasticity. In the process of AS, effector T cells secrete corresponding cytokines to induce differentiation into other cell subtypes (Munjal and Khandia, 2020). T cells can be divided into two major subgroups according to the Cluster of Differentiation (CD), CD4+ T cells and CD8+ T cells (Gebhardt et al., 2011). Among these, naïve CD4+ T cells are the most closely associated with AS (Arranz et al., 2015; Grönberg et al., 2017). CD4+ T cells can differentiate into different T helper cell subsets such as T helper 1 (Th1), T helper 2 (Th2), T helper 17 (Th17), and Tregs according to the different environments present in vivo (Gao et al., 2019; Saigusa et al., 2020). Th1 cells promote the development of AS by secreting IFN-γ, TNF-α, and IL-2 (Baidya and Zeng, 2005). Th2 cells regulate the progression of AS inflammation by secreting anti-inflammatory factor IL-13 and pro-inflammatory IL-4. IL-13 is active against AS by stimulating macrophages to polarize into the M2 subtype and by releasing IL-10 and TGF- β, as well as by activating the signal transducer and activator of transcription 3 (STAT3) (Cardilo-Reis et al., 2012; Brunner et al., 2017; Bi et al., 2020). However, IL-4 can increase the expression of CD36 on macrophages to intensify the phagocytosis of macrophages, and promote the progress of AS (Lee and Hirani, 2006). By secreting IL-1β, IL-6, IL-17, TNF-α, and other pro-inflammatory factors. Th17 accelerates the progression of AS (Taleb et al., 2015; Allam et al., 2018; Munjal and Khandia, 2020). Tregs suppress the immune response and inflammatory reaction by secreting TGF-β and IL-10 to exert anti-AS effects (Pastrana et al., 2012). Thus, the above evidence indicates inflammation is an important pathological factor causing AS, and the regulation of AS inflammation depends on immune cells, inflammatory factors, and other mediators. In recent years, studies on inflammatory immune response associated with AS have provided new approached for the treatment of AS.
NUCLEAR RECEPTOR PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR GAMMA AND AS INFLAMMATORY RESPONSE
Many cytokines are involved in the progression of AS, among which the nuclear receptor PPARγ has become an important regulatory factor in the inflammatory response (Ivanova et al., 2015). PPARγ is a member of the nuclear receptor transcription factor superfamily that regulates the expression of target genes. It is mainly expressed in adipose tissue and the immune system, and is closely related to adipocyte differentiation, body immunity, insulin resistance, and vascular inflammation (Harris and Phipps, 2001; Finck et al., 2008; Pastrana et al., 2012). PPARγ has a critical role in lipid metabolism, promoting free fatty acid uptake and triacylglycerol accumulation in adipose tissue and liver (Ahmadian et al., 2013). A large number of studies have shown that activation of PPARγ can inhibit the development of AS and stabilize plaques by suppressing the expression of various inflammatory factors, improving endothelial cells function, restraining the differentiation of monocytes into macrophages and the proliferation and migration of smooth muscle cells (Gao et al., 2011; Sanz et al., 2012). Activating PPARγ can directly affect the anti-inflammatory effects on vascular walls, attenuates the inflammatory response of blood vessels, and reduces the formation of foam cells (McCarthy et al., 2013). PPARγ inhibits the release of inflammatory factors such as TNF-α and IL-6 produced by activated monocytes, decreases the production of monocyte chemotactic proteins and reduces the aggregation of monocytes (Ricote et al., 1999; McCarthy et al., 2013; Lim et al., 2015). Additionally, when AS occurs, the WNT/β-catenin pathway is activated and PPARγ expression is down-regulated. The activation of the WNT/β-catenin pathway enhances transcription of target genes involved in inflammation, endothelial dysfunction, and VSMC proliferation. However, the administration of PPARγ agonists antagonizes the above phenomena and inhibits the WNT/β-catenin pathway, with consequent suppression of the AS inflammatory response (Vallée and Lecarpentier, 2018). In the state of AS inflammation, the key macrophage inflammatory gene expression lies in the activation of Nuclear factor-κB (NF-κB). PPARγ acts as an upstream regulatory switch of the NF-κB pathway to directly inhibit NF-κB phosphorylation. Conversely, PPARγ can competitively bind p65 with NF-κB to indirectly inhibit the activation of NF-κB, which leads to reduced phagocytosis of ox-LDL by macrophages, thus slowing down the process of AS (Olefsky and Glass, 2010; Jongstra-Bilen et al., 2017; Sykes and Bennett, 2018) (Figure 1).Studies have shown that PPARγ is the target of DNA methyltransferase 1 (DNMT1), which is involved in regulating DNA methylation, and DNMT1-mediated repression of PPARγ leads to worsening of AS inflammation (Yu et al., 2016). Thus, activation of PPARγ can effectively prevent and treat the progression of AS via different pathological processes.
[image: Figure 1]FIGURE 1 | The anti-atherosclerosis pathways of PPARγ. The activation of PPARγ can recruit Tregs to improve endothelial function, inhibit the release of TNF-α, IL-6, and other inflammatory cytokines, reduce the production of MCP-1, suppress the differentiation of monocytes to macrophages and foam cells. In contrast, PPARγ activation can directly inhibit NF-KB phosphorylation or can indirectly inhibit the activation of NF-KB by competitively binding p65 to reduce the production of pro-inflammatory cytokines and restrain AS.
Clinical trials have reported that compared with glimepiride, pioglitazone, a PPARγ agonist, significantly improves insulin resistance and inflammatory reactions of the left main coronary artery in diabetic patients, independently of hypoglycemic effects (Nitta et al., 2013). For pre-diabetic patients, PPARγ agonists can significantly attenuate the annual growth rate of carotid intima-media thickness (CIMT).This clinical effect does not depend on the control of other risk factors (including blood glucose, insulin sensitivity index, blood lipid, adiponectin, or plasminogen activator-1) (Saremi et al., 2013). Japanese researchers determined that long-term (2.5–4 years) use of PPARγ agonists significantly reduced carotid intima-media thickness (Yamasaki et al., 2010). The much-profiled PERISCOPE trial proved that treatment with the PPARγ agonist pioglitazone for 18 months, reduced the percentage of atherosclerotic plaque volume (PAV) by 0.16%, while the PAV in glimepiride control group increased by 0.73% base on intravascular ultrasound evaluation (Nissen et al., 2008). Both basic and clinical studies have shown that activated PPARγ plays multiple roles in suppressing AS inflammatory reaction, alleviating/stabilizing plaques, and reducing acute cardiovascular events.
REGULATORY T CELLS AND ATHEROSCLEROSIS INFLAMMATORY RESPONSE
Structure, Classification, and Function of Regulatory T Cells
Tregs are a special T cell subgroup that can regulate the functions of various immune cells (Ou et al., 2018). CD4+ T cells can be divided into CD4+CD25− effector T cells (Teff) and CD4+CD25+ Tregs according to the expression of the surface molecule CD25 (Liu et al., 2006). Activated Teff promotes the immune response, while Tregs inhibit the immune response (Amin et al., 2017). Tregs can be divided into natural Tregs (nTregs) and inducible Tregs (iTregs) (Haribhai et al., 2016). Tregs can regulate different immune responses, among which the natural CD4+CD25+Foxp3+ Tregs are the most important (Luz-Crawford et al., 2013). Foxp3, a forkhead box transcription factor, is a specific morphological and functional marker of Tregs and plays an important role in Tregs activity (Schmidt et al., 2016).
Tregs main role is to participate in the regulation of the body’s immune tolerance, terminating activated immune responses, maintaining immune homeostasis, and inhibiting Teff (Veeken et al., 2016). Tregs kill inflammatory cells by secreting granzymes (Libby, 2015). Tregs regulate immune balance by producing immunosuppressive cytokines, such as TGF-β and IL-10 (Hang et al., 2019). Tregs can inhibit the activation of Teff by directly inhibiting the expression of CD80 and CD86 on the surface of APCs through a cytotoxic T-lymphocyte-associated antigen-4 (CTLA-4)-dependent mechanism (Wing et al., 2008). In addition, Tregs can inhibit the proliferation and differentiation of effector T cells via contact with other effector T cells or by secreting immunosuppressive factors such as TGF-β and IL-10. The relationship between the degree of immune inflammatory response and AS has been most widely studied. There is evidence that Tregs inhibit the expression of pro-inflammatory IFN-γ, IL-4, IL-17, IL-6, and chemokines secreted by Th1, Th2, and Th17 in atherosclerotic plaques through the release of TGF-β and IL-10 (Albany et al., 2019; Ait-Oufella et al., 2021), which exert anti-AS effects.
Mechanism of Regulatory T Cells-Mediated Inhibition of Atherosclerosis Inflammation
The level and numbers of Tregs is a key factor in AS. Tregs can participate in the pathological process of AS by intercellular contact by inhibiting cytokine secretion and via immunosuppressive enzyme production. In addition, Tregs can also activate killer effector T Cells, and regulating the maturation and function of DCs (Ait-Oufella et al., 2006; Mallat et al., 2007; Chistiakov et al., 2015). Intercellular contact is the main pathway through which Tregs exert their immunomodulatory role. Tregs can complex with major histocompatibility complex-II (MHC- II) through the T cell receptor (TCR) and CTLA-4 to stimulate CD80/CD86 molecule expression on APCs, hence, intercellular contact and negative immune regulation serve as the primary defense system against AS (Sansom, 2000). In vitro experiments have shown that deletion of CD86 and CD80 genes significantly reduce the expression of Tregs in a mouse model, as a result, the AS plaque lesion area is amplified (Pastrana et al., 2012). Furthermore, Tregs also suppress the inflammatory response and stabilize AS plaques. Tregs also modulate the secreting of TGF-β and IL-10 and help in the prevention of immune disorders. TGF-β can inhibit the secretion of IL-1 and IL-2, and thus, affect the proliferation of Teff cells. IL-2, which is secreted by Th1 and Th2 cells, can be inhibited by IL-10. IL-10 can also act as a suppresser of DCs and macrophages expressing MHC-II. At the same time, inhibition of the CD28/B7 pathway leads stimulation of T cell proliferation and activation. Thereby, the inflammation response and AS progression can be effectively attenuated and the plaque stability augmented (Chistiakov et al., 2015). Tregs can promote the metabolism of tryptophan through CTLA-4, reduce levels of tryptophan and inhibit Teff (Sojka et al., 2009). Lastly, Tregs can also induce immune cells apoptosis and suppress inflammation of AS immune cells by via perforin or granase (Vignali et al., 2008). (Figure 2).
[image: Figure 2]FIGURE 2 | The multiple anti-AS mechanisms of Tregs. Tregs can kill effector T cells via direct contact with T cells, and inhibit the secretion of pro-inflammatory cytokines and the production of immunosuppressive enzymes by secreting TGF-β and IL-10. Tregs can also 1) inhibit the secretion of IL-1 and IL-2 to influence the proliferation of effector T cells by secreting TGF-β and IL-10; 2)suppress the secretion of IFN-γ, TNF-α and IL-4 by Th1 and Th2 cells; and 3) reduce the expression of MHC II on DC and macrophages membrane, and affect the stimulation of CD28/B7 pathway on T cells, and consequently play an important role in inhibiting, slowing down the process of AS and increasing the stability of plaques.
ApoE-/- mice treated with a high-fat diet showed a decreased number of Tregs and an increased incidence of AS, however treatment with Tregs may prevent the formation of AS plaques (Wang et al., 2014). Tregs can inhibit the formation of foam cells in vitro and induce the differentiation of macrophages towards the M2 phenotype (anti-inflammatory phenotype), and the protective cytokine IL-10 secreted by Tregs can prevent the formation of fatty streaks and atherosclerotic plaques (Liu et al., 2011). Zhang et al. showed that in the AS-vulnerable plaque model, Tregs sorted and purified in vitro can stabilize vulnerable plaques and reduce the rupture rate of plaques by inhibiting the expression of MMP-2 and MMP-9 and other cytokines in a dose-dependent manner, via TGF-β and IL-10 secretion by Tregs (Meng et al., 2013). Kasper et al.’s in vivo studies confirmed that Tregs deficiency or inactivation disrupted the stability of the body’s immune internal environment, and leads to the amplification of the inflammatory response and worsened the progression of AS (Kasper et al., 2016). The size of the AS plaque increased significantly in CD4+CD25+Treg-deficient mice. Transferring the wild-type (WT) Tregs of mice to ApoE-/- mice, the plaques of the aortic sinus were found to be significantly reduced (Mor et al., 2007). The area of AS plaque increased in Foxp3+Tregs deficient mice (Salomon et al., 2006). These studies suggested that by increasing the number of Tregs and enhancing functions, AS can be effectively prevented and treated, findings that are promising for transferring basic research to clinical application.
Clinical studies have shown that Tregs are closely associated with the occurrence of acute coronary syndrome (ACS) and AS plaque vulnerability, while the development of ACS is associated with low levels of circulating immunosuppressive Tregs (Dietel et al., 2013) and increased infiltration of pro-inflammatory DC and Teff cells (Rohm et al., 2015). The levels of Tregs and IL-10 in unstable patients were significantly lower than those in stable patients (George et al., 2012). Few reports have evaluated the effects of drugs on Tregs in AS. Statins can also significantly improve the number and function of Tregs in the peripheral blood of healthy individuals and of AS patients (Rodríguez-Perea et al., 2015). Based on the above animal studies and clinical evidence, a strategy of targeted regulation of Tregs is expected to become an important immunotherapy for the prevention and treatment of cardiovascular and cerebrovascular diseases caused by AS.
PEROXISOME PROLIFERATOR-ACTIVATED RECEPTOR GAMMA, REGULATORY T CELLS, AND ATHEROSCLEROSIS INFLAMMATION
Peroxisome Proliferator-Activated Receptor Gamma and Regulatory T Cells
In 2012, a study published in Nature found that activated PPARγ is a key molecule that regulates the accumulation, phenotype, and function of Tregs, and inhibits visceral adipose tissue (VAT) inflammation. PPAR-γ expression by VAT Treg cells was necessary for the complete restoration of insulin sensitivity in obese mice by the thiazolidinedione drug pioglitazone (Cipolletta et al., 2012). Studies have shown that PPARγ can mediate the metabolic reprogramming of macrophages by mediating fatty acid and cholesterol synthesis, and can modify the polarization of macrophages toward anti-inflammatory or pro-inflammatory phenotypes (M2 or M1) to regulate the immune system. There are significant differences in the metabolic reprogramming of macrophages with different phenotypes. For instance, M1 macrophages obtain energy through the anaerobic glycolysis pathway; M2 macrophages produce adenosine triphosphate (ATP) through aerobic glycolysis pathway (Rodríguez-Prados et al., 2010). Interference with cell metabolism by Tregs expressing PPARγ could inhibit adipose tissue inflammation in obese patients, and thus, Tregs may become a new target for the prevention and treatment of inflammation and insulin resistance (Hamaguchi and Sakaguchi, 2012).
Treg aggregation relies on PPARγ pathways in many organs and tissues. Oral polyunsaturated fatty acids (n-3 PUFA) can promote the proliferation of liver Tregs and prevent Con A-induced liver injury, which is achieved through the upregulation of PPARγ and TGF-β by free fatty acids (Lian et al., 2015). By increasing the percentage of CD4+CD25+Foxp3+ Tregs and decreasing the percentage of CD3+CD4+IFNγ+T cells and CD3+CD4+IL-4+ T cells, pioglitazone can alleviate the liver and spleen injury of mice infected with Schistosoma japonicum. The mechanism of action is achieved by upregulating the expression of PPARγ and Foxp3 (Zhu et al., 2018). In bronchiolitis obliterans caused by lung transplantation, treatment with the PPARγ agonist pioglitazone can significantly increase the Treg-specific marker Foxp3 and can decrease the expression of inflammatory markers, such as TNF-α, IL-2, so as to reduce lung transplantation postoperative inflammation (Neujahr et al., 2009). In the stomach, Helicobacter pylori can reduce insulin resistance through a PPARγ-dependent mechanism and modulates macrophage and Treg infiltration into the abdominal white adipose tissue (Bassaganya-Riera et al., 2012). The transcriptional regulators BATF and IRF4 were necessary for VAT-Treg differentiation through direct regulation of ST2 and PPARγ expression (Vasanthakumar et al., 2015). These effects and mechanisms of Tregs are also realized by PPARγ activation.
Mechanism of Peroxisome Proliferator-Activated Receptor Gamma- and Regulatory T Cells Mediated Inhibition of Atherosclerosis Inflammation
Tregs expressing PPARγ can inhibit the inflammatory response, maintain autoimmune tolerance, and play an important role in the progression of AS, mechanisms that have recently received much attention. Activation of PPARγ recruits Tregs and inhibit the inflammatory reaction of the vascular wall and slows down the progression of AS (Castrillo and Tontonoz, 2004). Activated by free fatty acids and their metabolites, PPARγ can increase the quantity of Tregs (Pacella et al., 2018; Atif et al., 2020), to promote Tregs to secrete TGF-β and IL-10, and consequently play a role in inhibiting vascular inflammation and anti-AS (Feuerer et al., 2009; Cipolletta et al., 2011). In addition, Tregs are recruited to VAT inflammatory areas by chemokines or via recognition of tissue-specific antigens, to promote the expression of PPARγ at inflammatory sites (Cipolletta, 2014). PPARγ may increase the number of Tregs by the ectopic co-expression of Foxp3 and PPARγ (Hamaguchi and Sakaguchi, 2012). PPARγ can promote the transformation of macrophages to the anti-inflammatory M2 type by regulating the gene expression related to M2 type macrophages, and also secretes cytokines such as TGF-β and IL-10, to indirectly induce the expression of Tregs, and inhibit the inflammatory response and resulting anti-AS effect (Le et al., 2018; Lin et al., 2021). The mechanism of involving PPARγ agonist pioglitazone inhibiting the progression of AS in ApoE-/- mice may be achieved by regulating the TGF-β/Smad signaling pathway (Fan and Watanabe, 2003; Lei et al., 2010), or by regulating Th1/Tregs (Ali et al., 2020) and Th17/Tregs (Tian et al., 2017) cell levels by activating PPARγ. (Figure 3). PPARγ and Tregs interact with each other to inhibit the immune inflammatory response and jointly play an anti-AS role.
[image: Figure 3]FIGURE 3 | Mechanism of the combined action of PPARγ and Tregs against AS. Tregs expressing PPARγ in VAT exert inhibitory effects on immune cells activity and prevents the occurrence and development of inflammation. Foxp3 is a specific molecule of Tregs. The ectopical co-expression of Foxp3 and PPARγ can induce an increase in Treg levels and the release of cytokines such as TGF-β and IL-10 to inhibit inflammation and exert anti-AS effects. In addition, PPARγ indirectly induces the expression of Tregs by promoting the transformation of macrophages to the anti-inflammatory M2 type and induces the secretion of cytokines such as TGF-β and IL-10 by M2 type macrophages. PPARγ also inhibits the inflammatory response and plays a role in the anti-AS by activating the TGF-β/Smad signalling pathway and inhibiting the Th1, Th2, Th17/Tregs ratio.
CONCLUSION
It is well known that a variety of complex factors can promote the occurrence and development of AS. The pathological process of AS includes the formation and rupture of arterial subintimal plaques and secondary complex lesions, such as calcification, thrombosis, and intraplaque hemorrhage. In essence, AS is a chronic and progressive inflammatory disease, in which inflammation and immune regulation are responsible for the pathological process of AS. In recent years, inhibition of the inflammatory response to increase plaque stability, prevent plaque rupture, reduce secondary thrombosis, has achieved good results, and represents a research hotspot in the prevention and treatment of AS. A large amount of evidence shows that PPARγ and Tregs interact with each other during AS progression, play a role in regulating immune cytokines, suppress the inflammatory response, and exert anti-AS effects. The main mechanisms of synergistic anti-AS effects include 1) the activation of PPARγ in adipose tissue, which increases the number of Tregs by inducing the expression of Foxp3, and inhibits the proliferation of effector T cells; 2) PPARγ promotes the differentiation of Tregs by inducing the polarization of macrophages to the M2 phenotype; and 3) the combined effect of PPARγ and Foxp3 ectopic co-expression increases the quantity and enhances the function of Tregs. In consideration of the basic and clinical evidence supporting PPARγ and Treg inhibition of the immune inflammatory response, the delay in the progression of AS, and stabilization of AS plaques, with the objective of suppressing immune inflammation, anti-AS PPARγ agonists or Tregs preparations may be proposed as effective prevention and treatment of AS.
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Pulmonary fibrosis, a common outcome of pulmonary interstitial disease of various different etiologies, is one of the most important causes of respiratory failure. Houttuynia cordata Thunb. (family: Saururaceae) (H. cordata), as has been reported, is a Chinese herbal medicine commonly used to treat upper respiratory tract infection and bronchitis. Our previous study has proven that sodium houttuyfonate (an additional compound from sodium bisulfite and houttuynin) had beneficial effects in the prevention of pulmonary fibrosis (PF) induced by bleomycin (BLM) in mice. In the present study, network pharmacology was used to investigate the efficiency and potential mechanisms of H. cordata in PF treatment. Upon manual collection from the literature and databases such as TCMSP and TCM-ID, 10 known representative ingredients of H. cordata species were screened. Then, the prediction of the potential active ingredients, action targets, and signaling pathways were conducted through the Gene Ontology (GO), protein–protein interaction (PPI),and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. The results of network pharmacology prediction suggested that H. cordata may act through multiple signaling pathways to alleviate PF, including the phosphatidylinositol 3-kinase-protein kinase B (PI3K/AKT) pathways, mitogen-activated protein kinase (MAPK) pathways, the tumor necrosis factor (TNF) pathways, and interleukin-17 (IL-17) signaling pathways. Molecular docking experiments showed that the chemical constituents of H. cordata had good affinity with TNF, MAPK1, and AKT1, and using lipopolysaccharide (LPS)-induced A549 cells, a model was established to verify the anti-pulmonary fibrosis effects and related mechanisms of H. cordata–relevant constituents. Finally, these evidences collectively suggest H. cordata may alleviate PF progression via PI3K/Akt, MAPK, and TNF signaling pathways and provide novel insights to verify the mechanism of H. cordata in the treatment of PF.
Keywords: pulmonary fibrosis, Houttuynia cordata Thunb., molecular mechanism, network pharmacology, signaling pathway analysis
INTRODUCTION
Pulmonary fibrosis (PF) is a chronic, progressive, and devastating interstitial lung disease mainly resulting from toxic insults, autoimmune injuries, drug-induced injuries, infectious injuries, or traumatic injuries. As can be affected by age, genetic predisposing factors, and environmental exposures, PF produces many different pathological types, which are mainly classified as idiopathic pulmonary fibrosis (IPF) and fibrosing alveolitis. PF is mainly characterized by diffuse pneumonia in the early period, secreting pro-inflammatory cytokines such as the tumor necrosis factor α (TNF-α), interleukin-1β (IL-1β), and IL-6. Alveolar epithelial cell (AEC) injury and excessive deposition of collagen in extracellular matrix (ECM) ultimately result in progressive scarring and loss of lung function (Wynn and Vannella, 2016). With approximately 3 million people being affected worldwide, as shown in the related literature, IPF has an increasing burden (George et al., 2020). At present, there is no effective means or drugs that can ameliorate PF except lung transplantation in patients with a median survival of 3–5 years from the time of diagnosis (Meyer, 2017).‬‬‬‬‬‬‬‬‬‬‬‬
PF, with clinical manifestations such as progressive dyspnea, cough, sputum, chest pain, vomiting, dry mouth, dry throat, shortness of breath, and fatigue, was defined as “lung impediment” or “lung wilting” in books of traditional Chinese medicine, and its syndrome types were divided into lung–kidney Qi deficiency (Fei shen qi xu), dual deficiency of the lung and spleen (Pi fei liang xu), Qi deficiency with blood stasis (Qi xu xue yu), and phlegm obstructing the vessels and collaterals (Tan zu mai luo). They were mainly treated by methods of invigorating the lungs and kidneys (Bu fei yi shen), fortifying the spleen and boosting the lung (Jian pi yi fei), promoting blood circulation and dredging collaterals (Huo xue tong luo), transforming dampness and dispelling phlegm (Hua shi qu tan), and harmonizing and percolating dampness (He jie shen shi). The treatment process used decoctions including Schisandra decoction, Bufei decoction, and Buyang Huanwu decoction , and heat-clearing and toxin-resolving Chinese medicinal materials such as Centella asiatica (L.) Urban, Ophiopogon japonicus (L.f.) Ker-Gawl., and Houttuynia cordata Thunb. (family: Saururaceae) (H. cordata). The traditional Chinese medicine (TCM) mainly produces synergistic effects via the synergistic mechanism of actions with the active ingredients, enhancing functions, and producing less toxicity, which makes enormous contributions to modern drug development and disease treatment. Some active ingredients in the traditional Chinese medicine play a good role in the progression of PF, just like paclitaxel (PTX) (Wang et al., 2013), tanshinone IIA (Tan IIA) (He et al., 2015), and andrographolide (Andro) (Guo et al., 2016).
H. cordata, famous in China, Japan, Korea, and Northeast India for its medicinal properties, is used in the treatment of a number of diseases such as pneumonia, diabetes, and even SARS (Lau et al., 2008). Studies have found that H. cordata also has a certain inhibitory effect on PF; for instance, the volatile oil of H. cordata contains 4-terpineol, α-terpineol, l-bornyl acetate, and methyl-n-nonyl ketone, and has good anti-inflammatory and anti-pulmonary fibrosis effects in vitro and in vivo (Du et al., 2012). The aqueous extract of H. cordata has effects of anti-pulmonary fibrosis by inhibiting the expression of superoxide dismutase, malondialdehyde, hydroxyproline, interferon-γ (IFN-γ), and TNF-α (Ng et al., 2007). Qing fei xie ding granules (Sun et al., 2018), mainly including Ephedra sinica, apricot kernels, and H. cordata, have a protective effect on PF as a novel Chinese traditional patent medicine. However, the anti-pulmonary fibrosis mode and the mechanism of action of H. cordata are not fully clarified. To address the protective effects of H. cordata on PF, our previous study has shown that sodium houttuyfonate is an attractive candidate alleviating IPF and pulmonary toxicity induced by BLM through downregulation of TGFβ1-Smad2/3 signal transduction (Shen et al., 2021).
Despite the obvious medicinal effects and clinical uses of TCM, little has been elucidated regarding the underlying molecular mechanisms. Network pharmacology integrates several disciplines, including systems biology, network biology, computational biology, multi-target pharmacology, and molecular pharmacology. And the core is the construction of a drug molecule–target–disease link network and the systematic analysis of the three relationships. It can be used to predict active molecules and actions of TCM, and then to search for new pharmacological mechanisms of action and broaden the indications of TCM, etc. Molecular docking is used to design drugs by in silico modeling of the interaction of target proteins with drug molecules. Molecular docking has been gradually applied to reveal the relevant mechanism of action of drugs in the development of new drugs. This study aims to utilize network pharmacology and molecular docking to seek the active compounds of H. cordata, construct the drug–compounds–genes–disease network, and to analyze the underlying mechanism of H. cordata in the treatment of PF.
METHODS
Main Candidate Active Ingredients and Targets of H. cordata
The keyword “Houttuyniae Herba” was searched in TCMSP (traditional Chinese medicine ystems pharmacology database and analysis platform, http://tcmspw.com/tcmsp.php) and TCM-ID (traditional Chinese medicine integrated database, http://www.megabionet.org/tcmid/). Active ingredients were retrieved from them. The chemical information of main active ingredients was collected from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/) and the Canonical SMILES of all ingredients were traced back to PubChem (http://pubchem.ncbi.nih.gov). The major components in H. cordata were obtained by a literature review and screening of public databases. The potential therapeutic targets of the main active components were predicted by matching them in the TCMSP, SEA (https://sea.bkslab.org/), HitPick (http://mips.helmholtz-muenchen.de/hitpick/), SwissTargetPrediction (http://www.swisstargetprediction.ch/), and STITCH (http://stitch.embl.de/) tools. Among them, according to TC > 0.4 in SEA, according to precision >50% SwissTargetPrediction in HitPick, the top 15 with the highest scores were selected, and according to score >0.4 in stitch.
Mining of Pulmonary Fibrosis–Related Targets
With “pulmonary fibrosis” as the keyword, DisGeNET (https://www.disgenet.org/), GeneCards (https://www.genecards.org/), and OMIM (https://www.omim.org/) potential disease target analysis platforms were utilized to search for human genes related to PF. After data deduplication/integration, intersecting genes were obtained and considered as therapeutic targets relevant to PF.
Drug–Target–Disease Network Construction
Active ingredients of H. cordata–related targets and PF-related targets were imported into the Venn online tool (http://www.bioinformatics.com.cn/) to obtain the intersection and a Venn diagram, in which potential targets of H. cordata for the treatment of PF were revealed. The above potential target gene ID was identified and standardized through the UniProt database (https://www.uniprot.org). The target network of H. cordata major ingredients acting on PF was analyzed by Cytoscape 3.7.1 built-in tools.
Protein–Protein Interaction Network Analysis
To determine the key H. cordata targets, common targets were used to build a PPI network using the STRING database (https://string-db.org/) and Cytoscape software. And the core target proteins were identified in the PPI network.
Go Analysis and KEGG Pathway Enrichment Analysis
The overlapped targets were further analyzed by the GO function analysis and KEGG enrichment analysis using the clusterProfiler package based on R language. The filtering thresholds for the retrieved results were p < 0.05 and q < 0.05.
Molecular Docking Simulation
The binding ability of key components and key targets was verified to explore the accurate binding modes through molecular docking simulation. The PDB database (http://www.rcsb.org/) and the optimal models visualized using PyMOL (2.0) software (http://www.pymol.org/2/) and AutoDockVina software (http://vina.scripps.edu/) were used to perform the molecular docking of active components and core targets.
EXPERIMENT VALIDATION
Materials and Methods
Chemicals and Regents
Sodium new houttuyfonate (SNH, MW: 330.41, purity ≥ 98%), quercetin (MW: 302.24, purity ≥ 97%), and 2-undecanone (MW: 170.29, purity ≥ 99%) were purchased from Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).
Cell Culture
A549 cells, obtained from the Cell Bank of the Chinese Academy of Sciences, were cultured in DMEM-H with 10% fetal bovine serum (Gibco, United States), 100 U/mL penicillin, and 100 ng/ml streptomycin with 5% CO2 at 37°C. The EMT model of lipopolysaccharide (LPS)-induced A549 was reproduced in our study (Cui et al., 2019). For the EMT model, when the A549 cells reached 70–80% confluence on 6-well tissue culture plates, they were placed in DMEM-H supplemented with 1% fetal bovine serum for 12 h. Subsequently, the culture was replaced to DMEM-H with 2% fetal bovine serum and then treated with 10 μg/ml LPS (from Escherichia coli 0111: B4, Sigma-Aldrich, St. Louis, MO, United States) and SNH, quercetin, and 2-undecanone alone or in combination for up to 24 h, respectively.
Western Blot Analyses
The cells were lysed in RIPA lysis buffer (Beyotime, China) with 1% phenylmethylsulfonylfluoride (PMSF, Beyotime, China), 2% phosphorylated proteinase inhibitor (Beyotime, China), and 2% protease inhibitor (Beyotime, China). And 30 μg of the protein was separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) (10%), and then was transferred onto a PVDF membrane. After blocking, the membranes were incubated overnight at 4°C with the primary antibody against β-actin (1:2,000, Affinity, United States), Phospho-AKT (1:1,000, Proteintech, United States), AKT (1:1,000, CST, United States), p44/42 MAPK (ERK1/2) (1:1,000, CST, United States of America), Phospho-p44/42 MAPK (ERK1/2) (1:1,000, CST, United States), Phospho-p38 MAPK (1:1,000, CST, United States), and TNF-α (1:1,000, CST, United States). Next, membranes were washed in TBS-T several times, and then were incubated for 2 h in horseradish peroxidase (HRP)-linked anti-rabbit (1:2,000, CST, United States) or anti-mouse (1:2,000, CST, United States) at room temperature. After washing with TBS-T again, the protein bands were analyzed using ChemiScope 3500mini exposure instrument (Clinx Science Instruments Co., Ltd. Shanghai, China) with a chemiluminescence substrate.
Statistical Analysis
All values were expressed as mean ± standard deviation (SD), and data and analyses for graphing were processed with SPSS 25.0 statistical software and GraphPad Prism 8.0.2 software. Comparisons between groups were performed using one-way ANOVA. Values of p < 0.05 were considered statistically significant.
RESULTS
This study reveals the mechanism of the anti-pulmonary fibrosis pharmacological action of H. cordata by a TCM network pharmacology–based strategy and provides ideas for H. cordata for further drug development. This workflow is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Flowchart of network pharmacology research on the mechanism of H. cordata in anti-pulmonary fibrosis.
H. cordata’s Active Ingredients and Potential Target Prediction Results
H. cordata’s chemical constituents were collected from TCMSP. A total of 10 main components were candidated after removing the redundant ones from the literature and public databases. The 10 components were as follows: hyperoside, quercetin, rutin, heriguard, houttuynin, 2-undecanone, isoquercitrin, quercitrin, β-stigmasterol, and myrcene (Table 1). A total of 341 targets for the 10 chemical compositions were obtained after gene standardization and the elimination of repetitive values.
TABLE 1 | Main chemical constituents of H. cordata.
[image: Table 1]Feature Analysis of Active Compound–Drug Target Network
PF-related targets were collected from DisGeNET, GeneCards, OMIM, and Drugbank databases. After merging and deleting duplicate values, a total of 1,152 targets were obtained. As shown in Figure 2, 101 predicted targets were obtained after the intersection of drug-related targets and PF-related targets. The details of common target genes are shown in Table 2. 101 therapeutic targets were confirmed by the UniProt database, and a predicted target network of H. cordata's major ingredient’s actions on PF was constructed using Cytoscape software (Figure 3).
[image: Figure 2]FIGURE 2 | Venn diagram of common gene targets of pulmonary fibrosis and H. cordata.
TABLE 2 | Shared hub targets between H. cordata and pulmonary fibrosis.
[image: Table 2][image: Figure 3]FIGURE 3 | Component target network of 10 active ingredients of H. cordata against pulmonary fibrosis, in which triangles represent active ingredients and dots are action targets.
PPI Network Analysis Results
A predicted PPI relationship network was obtained after the input of 101 predicted targets into the STRING platform and Cytoscape for topological analysis. MAPK1 (ERK2), TNF, AKT1, VEGFA, TP53, IL-1β, and IL-6 were advised to be the core (hub) node owing to a high network degree value, betweenness centrality, and closeness centrality in the PPI regulatory network (Figure 4).
[image: Figure 4]FIGURE 4 | PPI network of potential pulmonary fibrosis targets acted upon by major ingredients of H. cordata.
GO Analysis and KEGG Pathway Enrichment Analysis of Shared Targets
With the clusterProfiler package based on R language and a filtering condition of p < 0.05 and q < 0.05, GO and KEGG pathway enrichment analyses of the 101 intersection targets were used to determine the biological functions of PF that were affected by H. cordata. GO enrichment items were composed of biological process (BP) terms, cell composition (CC) terms, and molecular function (MF) terms (Figure 5). The BP was related to the response to oxidative stress (GO: 0006979), cellular response to chemical stress (GO: 0062197), reactive oxygen species metabolic process (GO: 0072593), cellular response to oxidative stress (GO: 0034599), response to antibiotic (GO: 0046677), regulation of the reactive oxygen species metabolic process (GO: 2000377), response to lipopolysaccharide (GO: 0032496), and response to molecules of bacterial origin (GO: 0002237); in the part of CC, we obtained membrane raft (GO: 0045121), membrane microdomain (GO: 0098857), membrane region (GO: 0098589), vesicle lumen (GO: 0031983), caveola (GO: 0005901), secretory granule lumen (GO: 0034774), cytoplasmic vesicle lumen (GO: 0060205), and plasma membrane raft (GO: 0044853); in the aspect of MF, there were heme binding (GO: 0020037), tetrapyrrole binding (GO: 0046906), phosphatase binding (GO: 0019902), oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen (GO: 0016705), protein tyrosine kinase activity (GO: 0004713), protein phosphatase binding (GO: 0019903), oxidoreductase activity, acting on paired donors, with incorporation or reduction of molecular oxygen, reduced flavin or flavoprotein as one donor, and incorporation of one atom of oxygen (GO: 0016712), and serine-type endopeptidase activity (GO: 0004252). The mechanism of H. cordata treatment of PF may be the result of the synergistic effects of multiple pathways. 101 targets were subjected to KEGG pathway enrichment analysis, with a total of 143 pathways, and the top 30 significantly enriched KEGG pathways were identified and selected for visualization (Figure 6). The action target main enriched pathway network is shown in Figure 7.
[image: Figure 5]FIGURE 5 | Main Go functional annotations of the action targets of major components of H. cordata.
[image: Figure 6]FIGURE 6 | The top 30 significantly enriched terms in KEGG pathways.
[image: Figure 7]FIGURE 7 | Main component action target pathway enrichment network of H. cordata.
The Molecular Docking of Ingredient and Key Target Proteins
Three core target proteins (AKT1, MAPK1, and TNF-α) with high degrees were identified with nine active compounds (quercetin, hyperoside, rutin, heriguard, 2-undecanone, isoquercitrin, quercitrin, β-stigmasterol, and myrcene) by AutoDock Vina. According to the results of the molecular docking activity, the compounds selected generally had a moderate binding potential with a good medicinal reference value (Figure 8A). The docking scores were visualized using a heatmap (Figure 8B). Ultimately, three target proteins and three small molecule compounds with good docking affinity and higher content in H. cordata were used for subsequent experimental studies.
[image: Figure 8]FIGURE 8 | (A) Molecular docking results of the “bioactive compound-target gene.” (B) Heatmap of the docking scores of the main chemical constituents of H. cordata and the target proteins.
Experimental Demonstration In Vitro
Based on the results of network pharmacology and molecular docking, the anti-pulmonary fibrosis effect of 2-undecanone, sodium new houttuyfonate, and quercetin was necessary to be assessed with three protein-related pathways. According to the results of pre-experiment and literature data, 0.2 mM 2-undecanone, 0.3 mM sodium new houttuyfonate, and 0.05 mM quercetin were used in subsequent research. As the results were obtained, the expression of p-AKT, AKT, p44/42 MAPK (ERK1/2), p-p44/42 MAPK (ERK1/2), p-p38 MAPK, and TNF-α protein in the drug group was significantly decreased compared with that in the model group (p < 0.05 or p < 0.01) (Figures 9A–G). Our results showed that 2-undecanone, sodium new houttuyfonate, and quercetin inhibited the production of fibrosis in LPS-induced A549 cells.
[image: Figure 9]FIGURE 9 | Effects of 2-undecanone, sodium new houttuyfonate, and quercetin on the protein expression of AKT, p-AKT, p44/42 MAPK (ERK1/2), p-p44/42 MAPK (ERK1/2), p-p38 MAPK, and TNF-α of LPS-induced A549 cells (A–G). #p < 0.05, ##p < 0.01, compared with the control group. *p < 0.05, **p < 0.01, compared with the LPS group.
DISCUSSION
PF is a progressive and severe condition characterized by mesenchymal cell proliferation and differentiation, ECM deposition, and remodeling of the lung parenchyma and airways. Although progress has been made in the research on PF, our understanding of its pathological mechanism remains rudimentary. There is still no complete cure for PF, and current therapies merely act to delay but not completely stop the progression of the disease.
H. cordata, a Chinese herb with special odor, is mainly used to treat bronchitis and upper respiratory tract infection. And studies have reported that it can inhibit rapid PF by upregulating IFN-γ and inhibiting the TGF-β1/Smad pathway (Du et al., 2012). 2-Undecanone, houttuynin, and quercetin are the main constituents of H. cordata. Houttuynin is the easily polymerized major constituent of the volatile oil, and the content is usually about 15%, which was first isolated from H. cordata in 1952 (Pan et al., 2010). Because houttuynin was unstable in chemical characteristics, sodium new houttuyfonate (sodium lauroyl-α-hydroxyethyl sulfonate, C14H27NaO5S, MW = 330.4), an adduct compound of houttuynin and sodium bisulfite, was developed and put in use. Sodium new houttuyfonate has better water solubility and stability and can be transformed into houttuynin under physiological conditions. Previous studies have shown that the lung is the target organ of houttuynin, and it has good therapeutic effects on pneumonia (Deng et al., 2012). Also, sodium new houttuyfonate is an effective clinical therapeutic agent applied to respiratory infection and inflammation such as acute or chronic bronchitis and pneumonia. 2-Undecanone is used as a standard marker for the quality control of H. cordata in the Chinese pharmacopoeia, and its content is usually about 17.0–27.5% (Yu-hong et al., 2015). Studies have shown that 2-undecanone performed various types of pharmacological functions, including anti-inflammatory and antitumor effects (Chen et al., 2014; Lou et al., 2019). Quercetin is one of the major flavonoid-active components in H. cordata, and the content is usually about 0.50 mg/g (Xiao-lei and Xiao-yin, 2013), which could overexpress the FasL receptor and caveolin-1 expression, reducing AKT activation and eliminating apoptosis resistance in IPF (Hohmann et al., 2019). Quercetin increases the Nrf2 activity to defend against oxidation, restore the disturbed redox balance, and reduce inflammation (Veith et al., 2017). As has been reported, quercetin can also reduce the expression of IL-6, TNF-α, and IL-1β in the bronchoalveolar lavage fluid of bleomycin-induced PF in vivo (Baowen et al., 2010).
Our results analyzed the ingredients in H. cordata, as well as the functions and potential targets against PF. According to the topological property analysis of the “drug–disease” network and the results of the PPI network analysis, the targets of the action of H. cordata were members of the mitogen-activated protein kinase (MAPK) family, TNF, AKT, or the cytokine VEGF. The results of the GO functional enrichment analysis revealed that H. cordata is mainly involved in signal transduction, inflammatory immunity, regulation of chemokine production, etc. The KEGG enrichment analysis showed that the possible pathways involved in the anti-pulmonary fibrosis of H. cordata mainly included the phosphatidylinositol-3-kinase (PI3K)/Akt signaling pathway, MAPK signaling pathway, TNF signaling pathway, IL-17 signaling pathway, HIF-1 signaling pathway, and NOD-like receptor signaling pathway. All the above signaling pathways are related to inflammation and immune responses, indicating that H. cordata exerts immunomodulatory and anti-inflammatory effects through multiple pathways, exactly in accordance with our previous study which shows that sodium houttuyfonate reduces BLM-induced elevation of inflammatory cytokines such as IL-1, IL-6, and TNF-α in mice (Shen et al., 2021). The PI3K/Akt signaling pathway mainly regulates cell proliferation, inflammation, and survival, and maintains the biological properties of malignant cells. PI3K, consisting of a regulatory subunit, p85, and a catalytic subunit, p110, primarily exist in the cytoplasm. Akt, also known as the protein kinase B (PKB), regulates and controls cell proliferation and apoptosis. After PI3K activation by tyrosine kinases, PIP3 was generated on the plasma membrane to interact with the PH domain of Akt, and Thr308 and Ser473 of Akt will be phosphorylated with the help of 3-phosphoinositide–dependent protein kinase 1 (PDK1) and PDK2, Akt-activated (Assinder et al., 2009). PI3K/Akt contributes to the development and progression of PF by upregulating cell growth and collagen expression (Lu et al., 2010). TNF-α, a key regulator of inflammation, could initiate and drive many pulmonary pathological diseases by inducing the accumulation of inflammatory cells, causing oxidative and nitrosative stress, airway hyperactivity, and tissue remodeling (Blaser et al., 2016). TNF-α stimulates epithelial cell proliferation and contributes to epithelial thickening and PF (Sasaki et al., 2000). MAPKs, serine–threonine protein kinases, have been proven to control cellular processes associated with fibrosis, such as myofibroblast transformation and others (Xu et al., 2004). The extracellular signal–regulated kinases 1 and 2 (ERK1/2) cascade can regulate cell proliferation, differentiation, EMT, and tumorigenesis. The activation of ERK signaling causes morphological changes and the downregulation of E-cadherin expression in epithelial cells (Grände et al., 2002). Next, molecular docking studies for MAPK1, AKT1, and TNF-α were performed using the active constituents 2-undecanone, quercitrin, β-stigmasterol, myrcene, isoquercitrin, heriguard, rutin, quercetin, and hyperoside to evaluate the thermodynamic binding effects of proteins and ligands. The results showed that the target proteins and components had good binding effects. And quercetin showed great binding strength with MAPK1, AKT1, and TNF-α, which may play an essential role in PF.
LPS, an endotoxin component of Gram-negative bacilli as an inflammatory inducer, is a vital promoter of acute lung injury (ALI) as well as promoting EMT formation in various cell types including alveolar epithelial cells (AECs) (Dong et al., 2017; Xiao et al., 2020). A549 cells were added to LPS coculture to induce EMT validating the predicted outcome of network pharmacology. Evidence showed that quercetin was well validated by its docking to IL-6, TNF, and IL-1β proteins (Yu et al., 2021). These findings strikingly supported the molecular docking and experimental results of our study that quercetin may exert anti-PF effects by targeted binding to TNF. And sodium houttuyfonate inhibited the expression of inflammatory cytokine TNF-α, which was consistent with our previous findings in bleomycin-induced pulmonary fibrosis in mice. Results from our study revealed the potential mechanism of H. cordata and suggested that H. cordata has a clinical application value in attenuating PF because of its effect in inhibiting the expression of AKT, p-AKT, p44/42 MAPK (ERK1/2), p-p44/42 MAPK (ERK1/2), p-p38 MAPK, and TNF-α via the PI3K/AKT, MAPK, and TNF signaling pathways. However, the mechanism needs more investigation in vitro and in vivo models.
CONCLUSION
Our present study has important implications for the current understanding of the molecular mechanism of H. cordata in anti-pulmonary fibrosis, which involves multicomponents, multi-targets, and multi-pathways. An in-depth study should be considered by taking H. cordata as a novel anti-pulmonary fibrotic drug.
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Most diabetic patients develop diabetic peripheral neuropathy (DPN). DPN is related to the increase of inflammatory cells in peripheral nerves, abnormal cytokine expression, oxidative stress, ischemia ,and pro-inflammatory changes in bone marrow. We summarized the progress of immune-inflammatory mechanism and treatment of DPN in recent years. Immune inflammatory mechanisms include TNF-α, HSPs, PARP, other inflammatory factors, and the effect of immune cells on DPN. Treatment includes tricyclic antidepressants and other drug therapy, immune and molecular therapy, and non-drug therapy such as exercise therapy, electrotherapy, acupuncture, and moxibustion. The pathogenesis of DPN is complex. In addition to strictly controlling blood glucose, its treatment should also start from other ways, explore more effective and specific treatment schemes for various causes of DPN, and find new targets for treatment will be the direction of developing DPN therapeutic drugs in the future.
Keywords: diabetic peripheral neuropathy, immune inflammation, therapy, immune cells, pathogenesis
INTRODUCTION
The prevalence of diabetes mellitus (DM) increased with age. DM is present in 19.9% of 65–79-year-olds (Saeedi et al., 2019). Diabetic peripheral neuropathy (DPN) is one of the common chronic complication of diabetes mellitus. Its Clinical Syndrome can be dysfunction of peripheral neuropathy, influencing the quality of life in the dabetic patients. DPN is a length-dependent sensory axonal lesion that usually the first manifestation is the sensory disturbance, pain, numbness or loss of balance (Edwards et al., 2008). DPN leads to the decline of patient’s quality of life. Studies have shown that although blood glucose control can reduce the incidence of peripheral neuropathy in type 1 diabetes, it will also increase the incidence of hypoglycemia, and aggressive blood glucose control can not reduce the incidence of peripheral neuropathy in type 2 diabetes (Group 1993; Boussageon et al., 2011; Callaghan et al., 2012a). Moreover, although neuropathy associated with T1DM and T2DM has been classified into the same category, we know that the pathogenesis of these two diseases is very different (Callaghan et al., 2012b; Eid Sas et al., 2019). It is essential to study the pathogenesis of DPN. In the past, most studies on DPN were limited to metabolism, genetic mechanism, and the effect of hypoglycemic drugs (Ferland-Mccollough et al., 2016; Sztanek et al., 2016; De et al., 2017; Stino and Smith, 2017; Jamwal et al., 2018). Previous drug trials mainly focused on antioxidants (Ziegler et al., 1999; Ametov et al., 2003; Ziegler et al., 2006), aldose reductase inhibitors (Hotta et al., 2006; Bril et al., 2009; Ramirez and Borja, 2012), neurotrophic factors (Apfel 2002; Decroli et al., 2019), GABA analogs (Ermis et al., 2010), cell metabolic agonists (Evans et al., 2008; Dan, Movsesyan et al., 2009) and vasodilators (Yuen et al., 2002). These drugs have limited effect in the clinical treatment of DPN associated with T1DM and T2DM (Coert, J. et al., 2016). However, with the further study of DM, the mechanism of immune inflammation is related to the pathogenesis of DPN. This review mainly focuses on the immune-inflammatory mechanism of DPN. (Figure 1).
[image: F1]FIGURE1 | Schematic flowcharts. Schematic flowcharts of the article.
IMMUNOINFLAMMATORY FACTORS AND DIABETIC PERIPHERAL NEUROPATHY
Tumor Necrosis Factor-α
Figure 2 Hyperglycemia has been shown to activate tumor necrosis factor-α (TNF-α) secretion from immune cells. TNF-α causes nerve demyelination and stimulates monocytes and endothelial cells to secrete inflammatory substances, further increase nerve damage. DPN patient’s serum tumor necrosis factor-α (TNF-α) level was significantly higher than that of patients without DPN and normal controls. The risk of DPN in diabetic patients with elevated TNF-α was 2.594 times that of regular TNF-α patients (Mu et al., 2017). The serum tumor TNF-α of DPN patients was higher than patients without DPN and normal controls (Duksal et al., 2016). The most conclusive finding is that streptozocin (STZ) induced diabetes TNF- α-/-mice will not develop DPN like diabetic mice (Yamakawa et al., 2011). Hussain et al. found that TNF-α was negatively correlated with nerve conduction velocity (Hussain et al., 2013). Shi et al. showed that compared with untreated DPN, recombinant human TNF-α receptor antibody fusion protein inhibited TNF-α in STZ induced diabetic rats, partially improving motor nerve conduction velocity (MCV) and sensory nerve conduction velocity (SCV), increasing the expression of myelin basic protein (MBP), and preventing myelin and neural structural abnormalities (Shi et al., 2013).
[image: F2]FIGURE2 | Inflammatory pathways associated with DPN. Hyperglycemia activates inflammatory pathways (TNF-α, NF-κB, HSPs, PARP et al.) and causes cell damage.
Saleh et al. (2011) showed that the expression of TNF-α and interleukin-6 (IL-6) in the dorsal root ganglia (DRG) induced by STZ was downregulated in 2 and 5 months after induction, but it was found in the nerve. In addition, we also found that TNF-α induced neurite growth via the nuclear factor kappa-B (NF-κB) pathway in sensory neurons in vitro. However, the growth of this neurite was markedly impaired in sensory neurons of diabetic rats (A, A et al., 2011). It is concluded that the decrease of TNF-α in DRG may lead to the repair and regeneration of DPN -related nerve injury. Grosick et al. studied the response of macrophage phenotypes to high glucose and typical glucose environments. We found that in a high glucose environment, macrophages stimulated by LPS produced high levels of TNF-α and human macrophage chemoattractant protein-1 (MCP-1), but the effect of IL-6 was not so strong. However, lipopolysaccharide (LPS) stimulation did not significantly increase MCP-1 or TNF-α under normal glucose conditions compared with unstimulated macrophages. In addition, macrophages exposed to LPS and IL-10 maintained high TNF-α expression under high glucose conditions, while macrophages exposed to average glucose maintained high TNF-α expression; Only LPS stimulation could increase the secretion of TNF-α (Grosick et al., 2018).
Heat Shock ProteinS
Heat shock protein (HSP) is a chaperone protein synthesized by the body under stress (Sun and Li, 2003). HSP regulates the biological activities of various proteins under non-stress conditions, including regulating DNA replication, gene transcription, protein transfer of subcellular structure, cell signal transduction, immune response, growth, development, and apoptosis (Takahashi et al., 2003). Korngut et al. demonstrated that STZ induced diabetic mice overexpressed HSP27 (Korngut et al., 2012). Diabetic animals with high expression of HSP27 had axonal terminal density and mechanical sensitivity similar to those in the non-diabetic control group, which was in contrast with those in the diabetic non-transgenic control group. In addition, SCV in diabetic mice with high expression of HSP27 did not slow down compared with diabetic non-transgenic mice, but MCV was similar to that in diabetic mice. This study also showed that over expression of HSP27 in diabetic mice decreased receptor for advanced glycation endproducts (RAGE) positive sensory neurons compared with diabetic non transgenic-mice. It is worth further noting that compared with non-transgenic mice, the expression of activated caspase-3 as a cytotoxic marker of diabetes decreased in HSP27 overexpression mice. Elevated levels of HSP70 may be related to insulin resistance in type 2 diabetic patients. The number of endothelial progenitor cells decreased, and their function was impaired in T2DM patients, positively correlated with atherosclerotic cardiovascular events. These factors are closely related to complications such as diabetic peripheral neuropathy (Nakhjavani et al., 2010).
Poly ADP-Ribose Polymerase
Poly ADP-ribose polymerase-1(PARP-1) is a ribozyme with many regulatory functions and rich content. It can repair the DNA, maintain genome integrity and regulate the expression of many proteins, apoptosis, and death at the transcriptional level. Transplantation of bone marrow from poly ADP-ribose polymerase (PARP)-/- mice into wild type (WT) mice could inhibit the occurrence of DPN. On the contrary, when reversed (bone marrow from WT mice was transplanted into PARP mice), PARP−/− mice were vulnerable to DPN. In vitro experiments supported these results: when WT mice BM-derived cells and DRG were co-cultured in a high glucose environment, this led to the fusion of the two cells. This did not occur in a low glucose environment nor fuse with bone marrow-derived cells from PARP-/- mice (Terashima et al., 2012). PARP activation plays a vital role in the pathogenesis of diabetes and its complications. Activation of PARP in diabetic nerves can cause energy failure through vascular and non-vascular mechanisms. The activation of PARP can lead to the shortage of nutrient blood flow and sensory and motor conduction velocity in the neuro intima and lead to the degeneration of large and small nerve fibers. The motor nerve conduction velocity and the formation of sensory nerve conduction need PARP activation. Motor nerve conduction velocity and sensory nerve conduction function were less damaged in PARP deficient diabetic mice (Tesfaye and Selvarajah, 2012). Additional evidence found that the use of PARP inhibitor treatment in experimental diabetic patients could reduce the slowing of MCV and SCV and prevent the decrease of axon diameter and myelin sheath thickness. It is worth noting that inhibition of PARP prevents the increase of TNF-α and nitrotyrosine in the sciatic nerve and spinal cord (Drel et al., 2010).
Long term exposure to glucose leads to nonenzymatic glycosylation of peripheral myelin, which leads to further changes in the interaction between macrophages and myelin. It is worth noting that macrophages recognize the newly formed age products in the myelin sheath and internalize and attack it (Vlassara et al., 1984). Bekircan-Kurt et al. found that Rage was observed in distal skin biopsies of DPN patients, and the number of T cells adhering to blood vessels increased (Bekir Ca N-Kurt et al., 2015). In addition, when RAGE was deleted from diabetic male mice, it had a partial protective effect on the early electrophysiological parameters of chronic DPN. In contrast, insulin treatment had little impact on diabetic mice (De et al., 2017). IL-6 has a therapeutic effect on DPN. Giving IL-6 1 or 3 times a week had a significant preventive effect on decreasing MCV and SCV in STZ induced diabetic rats. It also improves heat sensitivity, reduced abnormal nerve fiber’s proportion, and prevents myelin thinning (Andriambeloson et al., 2010). Studies showed that AGE/RAGE signal led to the increase of NF-κB and IL-6 in DPN (Bierhaus et al., 2004). Advanced glycation end products (AGE) may accumulate naturally during aging. Interestingly, soluble RAGE therapy and RAGE knockout resulted in a decrease in NF-κB (Ravichandran et al., 2005; Figure 2).
NLRP3
NLRP3 belongs to the pattern recognition receptor of nucleotide-binding oligomerization domain-like receptors (NLR). NLRs have nucleotide-binding oligomerization domain (Nacht), which is supplemented by C-terminal leucine-rich repeats (LRRs structure) and N-terminal caspase (card) or pyrin domain. The function of LRRs is ligand sensing and self-regulation, while card and PYD structures regulate the interaction of downstream signal hemoproteins. Nacht structure is the only typical structure of all NLR families and is activated by ATP-dependent oligomerization. NLRPs subgroup includes PYD and LRR, and NLRP3 is a part of the NLRs subgroup. NLRP3 inflammasome is the most characteristic inflammasome in the NLRs. It comprises NLRP3, autophagy-related spotted protein (ACS), and cysteine aspartate specific protease caspase-1. Some scholars believe that the NLRP3 inflammatory body is a receptor of metabolic risk. NLRP3 inflammatory bodies play an important role in many non-infectious inflammatory diseases, such as gout, atherosclerosis, and diabetes. LRP3 inflammasome can activate caspase-1, then cut the precursor forms of inflammatory factors such as in IL-1β and IL-18, mature them and release them outside the cell, causing inflammatory response. IL-1β, reactive oxygen species (ROS), and thioredoxin interacting proteins are associated with the pathogenesis of type 2 diabetes. Sustained hyperglycemia induces ROS. ROS directly activates NLRP3 inflammasome or indirectly activates NLRP3 inflammasome by stimulating thioredoxin to release thioredoxin interacting protein. This process further aggravates chronic hyperglycemia and worsens diabetes. NLRP3 activation is the central link in the inflammatory mechanism of diabetes.
IMMUNE CELLS AND DIABETIC PERIPHERAL NEUROPATHY
Lymphocytes
In the pathogenesis of DPN, the immune mechanism should not be ignored. The cellular immune mechanism with regulatory T lymphocyte subsets is the most important, which participates in the negative regulation mechanism of immune-mediated inflammation.
The cytotoxicity of CD8+ T lymphocytes to Schwann cells is also involved in the development of DPN. A quantitative immunohistochemical study was carried out on 20 cases of DPN sural nerve biopsy specimens to determine whether there was the infiltration of neural and epicardial lymphocytes in the diabetic nerve. There were 129 CD3+ cells in each tissue section of DPN patients and 0–5 cells in normal control. Diabetic nerve T cells infiltrated mainly CD8+ cells. The activated lymphocytes expressed immunoreactive cytokines and primary histocompatibility class II antigens. Infiltrating T cells may participate in the pathogenesis of diabetic neuropathy through various mechanisms (Younger et al., 2015).
Myelin protein correlated with the insulin receptors. After insulin treatment, the expression of myelin protein is up-regulated, which alleviates the nerve damage. It indirectly reflects the down-regulation of the insulin receptor, up-regulation of myelin associated glycoprotein, and down-regulation of myelin basic protein, which directly inhibited the myelin sheath formation, thus causing damage to DPN (Younger et al., 2015).
In addition, the number of pericytes is also involved in immune regulation, which is inversely proportional to CD4+, CD8+ T lymphocytes. In mice models lacking pericyte, the immune-related cells reduced, indirectly confirming that the peripheral cells participate in the mediated immunity (Hong et al., 2015).
Microglia
As innate immune cells, microglia can clear cell debris and foreign bodies and play the critical role of immune monitoring. Hyperglycemia and reactive oxygen species can also affect the local microenvironment of spinal cord and activate microglia. In turn, activated microglia synthesize and released inflammatory cytokines and neuroactive molecules, which induce the spinal cord injury-sensitive neurons (Couture et al., 2014). Activated microglia release various neuromodulators and neuroactive substances, such as reactive oxygen species, nitric oxide, peroxynitrite, prostaglandins, and pro-inflammatory cytokines, involved in hyperalgesia neuropathic pain of DPN. The expression of IL-1β and TNF-α in the spinal cord of STZ diabetic rats increased. The increase of IL-1β and TNF-α, as well as the thermal and mechanical hypersensitivity of rats, were inhibited by systemic or spinal administration of flucytosine, a non-selective metabolic inhibitor of glial cells, or minocycline, a selective microglia inhibitor. Systemic or spinal administration of flucytosine or minocycline inhibited IL-1 β And TNF- α As well as thermal and mechanical allergies in rats. A recent study found that atommoxetine (a new effective 5-hydroxytryptamine and norepinephrine reuptake inhibitor) had a sustained analgesic effect on STZ induced diabetic rats and could improve their depressive behavior. It could inhibit the activation of microglia and the phosphorylation of p38 and c-Jun N-terminal kinase (JNK) and reduce the inflammatory cytokines (Zhang et al., 2018).
Macrophages
Due to the reports of many macrophages in DPN, some researchers used these immune cells as a means of treatment. Macrophages have two polarization states: M1 and M2 macrophages, which express many inflammatory factors such as inducible nitric oxide synthase (iNOS), IL-1β, TNF-α, and anti-inflammatory cytokines such as Arg-1 (Huo et al., 2018), respectively. Under high glucose, M1 macrophages and other immune cells were activated to express a large number of inflammatory factors, which led to Schwann cell apoptosis and the occurrence of PDPN. Studies showed that the inhibition of TNF- α, and the release of M1 and macrophages into M2 macrophages could induce the gradual recovery of nerve conduction velocity, nerve blood flow, and axonal morphology in streptomycin -induced diabetic rats (Omi et al., 2017).
Macrophages can alleviate some symptoms of DPN in STZ induced diabetic rats. The researchers used liposomes encapsulated chlorondronate and found that compared with untreated diabetic rats, treatment resulted in lower blood glucose levels, higher serum insulin levels, and reduced mechanical hyperalgesia. The treatment did not affect heat sensitivity and body weight (Mert et al., 2009). Strangely, when liposome-encapsulated chlorophosphonate was used in combination with the pulsed magnetic field, the treatment effect was insufficient, while each treatment used alone affected DPN symptoms (Tufan et al., 2013).
Schwann Cells
Mitochondrial dysfunction in Schwann cells leads to lipid oxidation, early consumption of myelin, and accumulation of acylcarnitine lipid intermediates, leading to axonal degeneration and neuropathy (Viader et al., 2013). In addition, human Schwann cells exposed to high glucose can reduce the synthesis of phospholipids, which can be improved by aldose reductase inhibitors, suggesting that high glucose promotes the dyslipidemia of Schwann cells (Gonçalves et al., 2017). One study showed that glucose-stimulated Schwann cells to produce chemokines CXCchemokineligand-9(CXCL-9), CXCL-10, and CXCL-11 could induce the aggregation of T cells into diabetic neuropathy patients, thus promoting the development of neuropathy. These results also support that Schwann cells may be involved in the development of painful DPN (Tang et al., 2013).
THERAPY OF DIABETIC PERIPHERAL NEUROPATHY
First-Line Therapy
Tricyclic antidepressants include imipramine and amitriptyline, desipramine and nortriptyline. These blocked the reuptake of norepinephrine and serotonin by presynaptic neurons. Another mechanism that may contribute to its analgesic effect is to secure the uptake of 5HT and norepinephrine. A case control study showed that tricyclic antidepressive agents (TCAS) was influential in the treatment of DPN (Finnerup et al., 2005; Brouwers et al., 2010). Tricyclic antidepressants are well absorbed by oral administration, and their lipophilicity makes them widely distributed and easy to penetrate the central nervous system (CNS). However, due to the first pass metabolic changes in the liver, the bioavailability of tricyclic antidepressants is inconsistent. It needs to be increased to an effective dose, which must be administered continuously for 6–8 weeks (Max et al., 1992; Finnerup et al., 2010; Rudroju et al., 2013; Singh, 2014). Side effects include dry mouth, orthostatic hypotension, constipation, and urinary retention. In addition, the contraindications of TCAS are glaucoma and prostatic hypertrophy (Gandarias et al., 1998; Benbouzid et al., 2008).
Serotonin and noradrenaline reuptake inhibitors: Simultaneous inhibition of norepinephrine and serotonin reuptake can reduce DPN-related pain (Iqbal et al., 2018). We searched 13 studies showing the effect of serotonin and norepinephrine reuptake inhibitor (SNRI) on DPN. Duloxetine is the most studied SNRI. Eight randomized controlled trials showed that duloxetine was effective in the treatment of DPN (Goldstein et al., 2005; Wernicke et al., 2006; Raskin et al., 2006; Beard, Mccrink et al., 2008, Ajay D.; Wasan 2009; Joel et al., 2010; Tanenberg et al., 2011; Boyle et al., 2012; Lunn et al., 2014).
Calcium channel a2-δ ligands: Pain is one of the main symptoms of diabetic peripheral neuropathy, which seriously reduces patient’s quality of life. Studies showed that the first-line drug for alleviating diabetic peripheral neuropathic pain was calcium channel a2-δl, a modulator. Commonly used drugs are pregabalin and Gaba Martin. These drugs reduce the influx of neurons Na+ and Ca2+ and indirectly enhance the inhibition of γ-aminobutyric acid (GABA). It can reduce the activity of the N-methyl-D-aspartate receptor (NMDA receptor) by consuming the storage of excitatory neurotransmitter glutamate or blocking the active site of glutamate (Decroli et al., 2019).
Second-Line Therapy
Opioid analgesics can be used as the first-line clinical treatment, but due to their safety and potential abuse, many guidelines consider opioids as the second-line treatment (Finnerup et al., 2010). Some studies have shown that strong opioids play a positive role in the treatment of peripheral neuropathy (Huse et al., 2001; Raja et al., 2002; Morley et al., 2003).
Tramadol is a weak opioid, which can inhibit the reuptake of norepinephrine and serotonin. Most international guidelines consider tramadol as second-line therapy (Boureau et al., 2003; Duhmke et al., 2006).
Immunoinflammatory Therapy
In animal experiments, many methods were used to treat DPN. The combination of insulin and curcumin or resveratrol in STZ induced diabetic mice reduced the TNF-α and hypersensitivity in vivo, which was more evident than insulin or the use of two drugs alone. Thakur et al. (Thakur et al., 2016) also used virus-mediated IL-10 to reduce the mechanical and thermal hypersensitivity of STZ induced diabetic rats. This treatment prevented the increase of Toll-like receptors4 (TLR4), IL-1, phosphorylated p38, and phosphorylated protein kinase C levels and decreased NeuN and HSP70 protein levels in the diabetic control group. It is also noteworthy that IL-10 treatment prevented the activation of macrophages in DRG. Under hyperglycemic conditions, cultured DRGs exposed to TLR4 antagonists could avoid increasing protein TNF-α and showed a significant increase of HSP70. In vivo tests, diabetic animals exposed to TLR4 antagonists reduced TLR4 and TNF-α levels and increased mechanical sensitivity but did not increase heat sensitivity.
Ni et al., 2017) studied the effect of salidroside. Salidroside had anti-inflammatory properties. When salidroside treated DPN rats, they found that it decreased mechanical sensitivity only after 8 weeks of treatment and decreased thermal sensitivity until 8 weeks after 5 weeks. They also found that sensory nerve conduction velocity improved after 5 weeks of treatment. In terms of mechanism, the authors found that treatment could reduce the levels of pro-inflammatory cytokines TNF-α and IL-1 in the spinal cord and sciatic nerve. The study also found that treatment could reduce the protein expression of the P2X7 receptor in the spinal cord. P2X7 receptor played a role in mediating neuropathic pain by secreting pro-inflammatory factors.
Molecular Therapy
Virus vector technology: Viral vector is the most efficient vector for gene transmission. Except for adenovirus, other viral vectors can integrate foreign genes into chromosomes by infecting host cells, which can be used in cells that are difficult to transfect. After the viral DNA was integrated into the host cell genome, it could express stable gene therapy potential (Liu et al., 2020). Lentivirus (LV) belongs to Retroviridae and is a diploid RNA virus. Lentiviral vectors are vectors based on the genome of lentivirus, in which multiple sequence structures related to virus activity are removed to ensure biological safety. Then exogenous genes are introduced into the genome skeleton. Tasyurek et al. injected LV carrying human glucagon-like peptide-1 (GLP-1) gene, which could reduce the blood glucose level of the T2DM rat model induced by a high-fat diet combined with streptozotocin, and its triglyceride level returns to normal. These results showed that LV could effectively transfer potentially therapeutic genes into islet cells for DPN treatment (Tasyurek et al., 2018). Adenovirus vectors (AdV) can infect a variety of human tissue cells. AdV has the advantages of high titer, strong gene transfection ability, non-integration into the host genome, and will not affect islet transplantation. At present, it has been widely used in gene transduction in vitro, vaccination in vivo, and gene therapy (Jane and Bradbury, 2003). In the treatment of diabetes, AdV is still in animal experiments. Suzuki et al. (Suzuki et al., 2004)used AdV to introduce insulin receptor substrate-2 (IRS-2) gene into IRS-2 deficient mice and found that the blood glucose level of mice returned to normal. The transcription factor pancreaticoduodenal homeobox-1 gene can be transfected into mouse islet cells by AdV to participate in islet maturation. In addition, the pancreatic differentiation transcription factor neurogenin 3 (Ngn3) could be transfected into mouse hepatocytes by adv to secrete insulin (Reach, 2001).
Stem cell therapy: Stem cells can differentiate into tissues such as fat, bone, and cartilage. They have strong self-renewal ability, multidirectional differentiation potential, and secrete a variety of cytokines. They have a good application prospect in the treatment of DPN. Mesenchymal stem cells (MSCs) therapy can improve the blood glucose level of diabetic patients from the vital point of diabetes. Bone marrow MSCs and pancreatic MSCs can be differentiated into Islet β Cells under the regulation of multiple growth factors and hormones. Then the blood glucose concentration of diabetic mice could be reduced by increasing secretion of insulin and C peptides (Lin et al., 2010; Mu and Li 2015). Transplantation of MSCs can promote the proliferation of islet cells, increase the number of insulin-secreting cells, improve the structure of islets, increase the synthesis and secretion of insulin, and reduce blood glucose concentration.
Non-drug Therapy
Exercise: Exercise plays an irreplaceable role in the treatment of diseases. It is the basis of therapy and should run through the whole process of DPN treatment. Exercise therapy mainly includes aerobic exercise and anti-resistance exercise. Anti-resistance exercise has a better therapeutic effect on DPN. Kluding et al. intervened 17 DPN patients with moderate intensity, aerobic and anti-resistance exercise under the guidance and supervision of professional coaches. After 10 weeks of intervention, they carried out self-control. The research results showed that exercise could alleviate DPN patient’s pain symptoms, increase the density of nerve fibers in the epidermis, and improve their neurological symptoms. Exercise can also protect the nerve injury of DPN patients by enhancing the ability of nerve regeneration (Kluding et al., 2012; Singleton et al., 2014). In terms of optimizing the exercise therapy program, we can work out a safe and effective individualized exercise program through multidisciplinary cooperation.
Electrotherapy: In recent years, more and more scholars have pay attention to electrotherapy, including transcutaneous electrical nerve stimulation (TENS); Peripheral nerve, nerve root, spinal cord, deep brain, and epidural motor cortex stimulation; Pulsed magnetic field and static magnetic field; High-frequency external muscle stimulation (Pieber et al., 2010). However, among all electrotherapy measures, only tens are recommended by the American Academy of Neurology (AAN) for pain treatment of DPN (Dubinsky and Miyasaki, 2010). Upton GA et al. discussed the effects of two different intensities of TENS on patients with DPN. The results showed that the acupuncture-like stimulation mode of 2 Hz and 200 ms could better alleviate the pain caused by DPN without adverse reactions (Zotz and De, 2015). Current studies believe that the theoretical basis of electrical stimulation improves the microcirculation of DPN patients and increases the nerve blood flow to alleviate the pain caused by ischemia. However, Gossrau g et al. conducted a randomized placebo-controlled experiment. The results showed that the therapeutic effect of TENS was not better than that of the placebo group, and the difference was not statistically significant (Gudrun et al., 2011). TENS has the advantages of safety, noninvasive, simple operation, and good compliance. However, its exact role is still controversial, which may be related to the small sample size of existing studies, short intervention cycle, unclear long-term efficacy, and lack of evidence-based basis, limiting its clinical application.
Acupuncture: Acupuncture and moxibustion can improve nerve conduction and alleviate patient’s clinical symptoms with DPN. The mechanism may be related to acupuncture, and moxibustion can improve microcirculation and reduce ischemia and hypoxia of nerve tissue. Jeon et al. treated 9 outpatients with painful DPN with acupuncture and moxibustion for 4 weeks. The results showed that acupuncture and moxibustion could significantly improve the pain symptoms of patients. They believed that acupuncture and moxibustion were effective but did not study their mechanism (Jeon et al., 2014). The relevant systematic evaluation analyzed the effect of acupuncture and moxibustion on DPN. Although the results showed that the outcome was better than conventional treatment, it also pointed out that the development of acupuncture and moxibustion on DPN was uncertain due to the low quality of relevant RCT experimental literature included in the study (Dimitrova et al., 2017).
Complications and Comorbidities Therapy
Most patients with diabetic peripheral neuropathy are accompanied by depression, anxiety, insomnia, poor appetite, lower body weight, suicidal ideation, drug abuse. These complications affect their mental health and have adverse effects on the treatment and rehabilitation of their patients, which is not conducive to their physical health. Compared with patients with uncomplicated diabetes mellitus, diabetic peripheral neuropathy patients have more severe pain, and the severity of negative emotions and comorbidities is more serious. They can be treated with first-line drugs for DPN, symptomatic pain relief, and relief of negative emotions.
In addition, for patients with diabetic peripheral neuropathy, clinical targeted psychological intervention should be carried out to alleviate patient’s negative emotions. Psychological intervention should be based on different causes of anxiety and depression, including cognitive intervention, environmental intervention, and emotional intervention. Particular attention should be paid to patient’s family and social intervention because family warmth, social understanding, and support are good drugs for treating psychosomatic diseases.
CONCLUSION
In summary, diabetic peripheral neuropathy is related to many factors, such as metabolism, immunity, heredity, etc., the etiology is currently uncertain. In this review, we highlighted the latest immunological mechanism of DPN and explored their corresponding potential therapeutic targets. Its complex mechanism makes it difficult to treat. There is no specific drug therapy. With the increase of diabetic patients, more and more patients suffer from the complications of diabetes. This makes the requirement to control diabetes, and its complications become more urgent. The pathogenesis of diabetic peripheral neuropathy needs to be further in-depth and comprehensive research to achieve more standardized management of diabetic peripheral neuropathy.
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A member of the interleukin (IL)-1 superfamily was IL-36, which contained IL-36α, IL-36β, IL-36γ, and IL-36Ra. Heterotrimer complexes, consisting of heterodimeric receptor complexes and IL-36 agonist, gave signals through intracellular functional domains, so as to bind to downstream proteins and induce inflammatory response. IL-36 agonists upregulated mature-associated CD80, CD86, MHCII, and inductively produced several pro-inflammatory cytokines through the IL-36R-dependent manner in dendritic cells (DCs). Besides, DCs had the ability to initiate the differentiation of helper T (Th) cells. Up to date, the role of IL-36 in immunity, inflammation and other diseases is of great importance. Additionally, autoimmune diseases were characterized by excessive immune response, resulting in damage and dysfunction of specific or multiple organs and tissues. Most autoimmune diseases were related to inflammatory response. In this review, we will conclude the recent research advances of IL-36 in the occurrence and development of autoimmune diseases, which may provide new insight for the future research and the treatment of these diseases.
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INTRODUCTION
IL-36 was originally identified as a new member of the IL-1 superfamily in the process of DNA database screening for IL-1 homologs. Abreast researches confirmed that IL-36 cytokine was expressed in keratinocytes (KCs) and various immune cells including dendritic cells (DCs), T cells, and B cells. (Table 1) (Mai et al., 2018) In fact, in early pregnancy, IL-36 subtypes could be regulated differentially in the same tissue. For example, the expression level of IL-36γ was increased in luminal and glandular epithelium, while that of IL-36α and IL-36β were decreased (Murrieta-Coxca et al., 2019) Of note, there was a current evidence that IL-36 may act as a bridge between inflammation and fibrosis (Elias et al., 2021) The role of IL-36 evolved a variety of regulation, for example, it could provide effective and maximum anti-inflammatory effects by corresponding to IL-17 and IL-38 (Gabay and Towne, 2015).
TABLE 1 | Overview of the IL-36 cytokines.
[image: Table 1]As we known, autoimmune diseases were an ordinary sort of diseases with the malfunction in self-tolerance (Costenbader et al., 2012) It could be classified according to the body system affected. Some cases affected multiple body systems, whereas others affected only one organ. Generally, common autoimmune diseases included psoriasis, (Furue et al., 2018) rheumatoid arthritis (RA), (Wang et al., 2016), inflammatory bowel disease (IBD), (Nishida et al., 2016) systemic lupus erythematosus (SLE), (Mai et al., 2018) neuromyelitis optica spectrum disorder (NMOSD), (Song et al., 2019) primary Sjogren’s Syndrome (pSS), (Ciccia et al., 2015), myasthenia gravis (MG), (Zhang et al., 2020) systemic sclerosis (SSc), (Denton and Khanna, 2017) and so on. Although rapid progress of the treatment in autoimmune diseases has been made in several decades, the exact pathogenesis of autoimmune diseases is still requested to be explored. Pathogeny of autoimmune diseases may include genetic factors, environmental factors, hormones, and so on (Costenbader et al., 2012) On the other hand, inflammation was a common symptom in most autoimmune diseases. Some cytokines especially interleukins have been proved to be used for communication with the immune system (Chen et al., 2006). Additionally, researches demonstrated that IL-36 took part in immune cell activation, antigen presentation, and pro-inflammatory cytokine production (Jati et al., 2019) As the report depicted, peripheric lymphocytes could express IL-36γ through stimulating α particle, while T lymphocytes managed to express IL-36 agonists under specified conditions. Therefore, IL-36 could mediate pro-inflammatory activity, whose function was depended on the form and location of inflammation (Ding et al., 2018).
Recently, our research group was committed to studying the relationship between IL-36 and autoimmune diseases. Therefore, this review was to summarize the depth and breadth of current research on this issue. In this review, the pathophysiological roles of IL-36 in different autoimmune diseases will be discussed, especially those related to inflammatory responses. These findings may provide a new direction for the future research of autoimmune diseases.
Overview of Autoimmune Diseases
A study has shown that there is a link between autoimmune diseases and some degree of biological disorders (Christen, 2019) In another word, autoimmune diseases may be occurred when the immune system cannot play a key role in protecting the host from infectious factors. (Wang et al., 2015) Besides, another argument was that the basis of autoimmune diseases was often termed a breach of tolerance, when the system cannot clearly distinguish between self and non self (Wang et al., 2015; Gershwin, 2018) More and more evidences suggested that the prevalence of autoimmune diseases was increasing (Saccucci et al., 2018) Recently, autoimmune diseases were proved to contain more than 80 chronic diseases (Ortona et al., 2016) and affected up to 10% of the population (Islam et al., 2020) Furthermore, over 50% patients with autoimmune diseases were accompanied by reduced quality of life and related symptoms of depression (Pryce and Fontana, 2017) More specifically, nearly 15 million people in the United States suffered from autoimmune diseases, and this number is increasing every year (Yamamoto and Jorgensen, 2019) Taken together, autoimmune diseases may be one of the risk factors affecting people’s normal life.
The main pathogenesis in autoimmune diseases was the overactivation of autoantibodies, especially when immune system was overrun under the activation of T and B cells (Lee et al., 2020) On the one hand, defects in inflammatory signal resolution increased the risk of autoimmune diseases, and the activation of several inflammatory mediators contributed to the development of autoimmune diseases (Baccala et al., 2007) In particular, when pro- and anti-inflammatory cytokines were imbalanced, tissue damage and inflammatory diseases would be resulted (Abdolmaleki et al., 2020) Moreover, when the immune system failed to resolve inflammation, it would lead to persistence of the inflammatory process in autoimmune diseases (Das, 2011) On the other hand, autoimmune diseases caused various injuries and dysfunctions in multiple organs of the body (Ortona et al., 2016; Lee et al., 2020) For example, some endocrine organs were often attacked targets in autoimmune diseases. Diabetes, thyroiditis, and hypoadrenalism were often caused by immune attack on endocrine cells, which were vital for hormone production (Gershwin, 2018) Previous analysis results provided a strong evidence indicating that 180 gene loci were associated with more than 12 autoimmune diseases. This result directly suggested a relationship between autoimmune diseases and genes. With increasing awareness, gene therapy has become an approach for the treatment of autoimmune diseases (Lee et al., 2020) Recent studies suggested that the interleukin family may be involved in immune regulation. It was well known that IL-10 was an important immunoregulatory cytokine in intestinal mucosal immune homeostasis and mediated immunosuppression by regulatory T cells (Treg cells), which were important mediators of peripheral self-tolerance (Huang et al., 2021) Furthermore, the understanding of the balance between Th1 and Th2 relied on the discovery of IL-27 (Shimizu et al., 2005) Additionally, IL-31 may be a key regulatory cytokine in Th2 responses (Dillon et al., 2004) IL-32 and IL-33 were then key components of the inflammatory response (Dillon et al., 2004; Schmitz et al., 2005) IL-23 produced by macrophages and stem cells in the intestinal epithelium also played a pro-inflammatory role (Almradi et al., 2020).
Moreover, a member of the interleukin family cytokines was highly expressed in epidermis, bronchus, gingiva and intestinal epithelium, and may be upregulated in contact with bacterial components. It was suggested that the cytokine had related functions at the barrier interface. Next, a novel cytokine, IL-36, was found to be active in barrier tissues (Queen et al., 2019) Subsequently, the role of IL-36 in modulating the interaction between the environment and the organism was demonstrated, which considered their response to microorganisms, extracellular ligands, and some proinflammatory mediators. Besides, some neutrophils closely related to autoimmune diseases were derived from histone G and elastase, and may affect the activation of IL-36 agonists (Yuan et al., 2019) Interestingly, neutrophil derived extracellular traps (NETs) were later found to be a platform for pro-inflammatory cytokine activation, IL-36 subfamily cytokines could be efficiently processed and activated by net associated cathepsin G and elastase (Clancy et al., 2017) In general, although autoimmune diseases posed a great threat to human physical and mental health, the interleukin family, especially IL-36, may provide a new avenue for further research on autoimmune diseases.
Overview of IL-36
IL-36 consisted of four members: IL-36α, IL-36β, IL-36γ, and IL-36Ra, which were designed as IL-1F6, IL-1F8, IL-1F9, and IL-1F5. (Table 1) The encoding genes for IL-36 were located on human chromosome 2q13 within a 360 kb region (Ding et al., 2018) In addition, the IL-36Ra could inhibit activation of IL-36R signaling. In another word, IL-36 bound to the IL-36R and used the IL-1 receptor accessory protein (IL-1RAcP) as a co receptor, leading to the activation of intracellular signals (Mai et al., 2018).
In human KCs, IL-22, IL-17A, and tumor necrosis factor-α (TNF-α) induced the production of IL-36 agonists, whereas interferon-γ (IFN-γ) selectively induced IL-36β production (Yuan et al., 2019) The stimulatory effects of IL-36 were relatively unique, as other IL-1 family cytokines containing IL-1 itself had little effect on mouse bone marrow mesenchymal stem cells (BMSCs) (Gabay and Towne, 2015) Additionally, IL-36 stimulated the production of chemotactic agents that activated leukocytes, and it could promote leukocyte infiltration and cutaneous acanthosis in mice. Excess IL-36β stromal cells were induced to mitotically generate KCs. This led to hyperproliferation of KCs and resulted in hyperplasia of the skin (Queen et al., 2019) Besides, IL-36 has been shown to be an important regulator of mucosal homeostasis and inflammation. Moreover, IL-36 and its proinflammatory cytokines could enhance each other and cause similar responses in KCs (Wang et al., 2017) Strictly speaking, IL-36 couldn’t be considered a proinflammatory cytokine. Because IL-36 upregulated anti-inflammatory ligands while also downregulating the effects of multiple functional components. Thus, IL-36 signal transduction relied on the balance of multiple units in an integrated system. Besides, net activation relied on the cumulative effects of whole components, including extracellular proteases, cytokine ligands, receptor subunits, and downstream cytokines with functional roles. (Swindell et al., 2018) Functionally, IL-36 stimulated the production of several cytokines, chemokines, adhesion molecules, and proinflammatory mediators. (Vigne et al., 2011) Th1 and Th2 expressed relatively high levels of IL-36R mRNA in CD4+T cells. Notably, three IL-36 agonists induced production of IFN-γ, IL-4 and IL-17 in CD4+T cells and splenocytes. (Mai et al., 2018; Vigne et al., 2011) Furthermore, IL-36 moderately matured DCs. Their upregulated levels of major compatibility complex II (MHCII) antigens and CD40, CD80, and CD86 were comparable to those stimulated by lipopolysaccharide (LPS). In response to IL-36 stimulation, activated DCs could produce IL-1β, IL-6, IL-23, TNF-α, CCL1, CXCL1, and granulocyte colony-stimulating cytokine. These cytokines and chemokines could induce Th1 and Th17 responses. (Mai et al., 2018; Vigne et al., 2011) In other words, IL-36α stimulated CD4+T cells under Th1 polarization. This suggested that IL-36α could efficiently drive Th1 responses. IL-36β upregulated the production of IL-12p70 and IL-18 in monocyte derived dendritic cells (MDDCs), suggesting stimulation of the Th1 phenotype. (Yuan et al., 2019) Also, IL-17 released by Th17 cells could in return upregulate IL-36 production. Thus, IL-36 and IL-17 may initiate a strong feedback loop in switching skin inflammation, (Figure 1) (Mahil et al., 2017) suggesting that IL-36 may be primarily involved in activating immune responses. (Queen et al., 2019; Madonna et al., 2019).
[image: Figure 1]FIGURE 1 | IL-36 and IL-17 may acuate a strong feedback loop which modify skin inflammation. IL-36α stimulated CD4+T cells under the polarization of Th1cells. IL-36β upregulated the production of IL-12p70 and IL-18 in MDDCs. IL-17 released by Th17 cells could in return upregulate IL-36 production.
According to the international agency for research on cancer, there were approximately 700,000 liver cancer deaths annually worldwide. In China, hepatocellular carcinoma (HCC) was the most common cancer diagnosis. (Sarin et al., 2020) A study results showed that IL-36 was significantly expressed in HCC tumor tissues compared with adjacent peritumoral tissues, and its expression level was closely associated with clinical parameters, such as metastasis, alpha fetoprotein, HBV infection, and cirrhosis, but did not change with age and gender. (Hu et al., 2020) The expression level of IL-36 has also been confirmed to be associated with the prognosis of liver cancer. Specifically, if the expression level of IL-36 was higher, the patients would have a better prognosis of liver cancer and a longer survival time. These suggested that IL-36 may be a biomarker for HCC. (Hu et al., 2020) Besides, although colorectal cancer (CRC) was the third most common cancer in the world, it was relatively common in Western societies (Marley and Nan, 2016), and the incidence has also increased in China (Maida et al., 2017) IL-36 could be produced at high levels in the colon, which was beneficial to the survival of CRC patients. (Wang et al., 2014) In other words, high IL-36α in CRC patients had higher survival than low IL-36α patients. (Chen et al., 2020) However, in colorectal cancer patients, high IL-36β groups and low IL-36β groups were not statistically different, but colonic mucosal IL-36β was reduced by 80% in CRC tissues. This suggested that although IL-36β may not be a good indicator for predicting the prognosis of CRC, but it may be involved in inhibiting the development of this cancer. (Chen et al., 2020).
In addition, IL-36 played a role in the coordination of innate and adaptive immunity, (Saha et al., 2018) specific examples of which would be explained in the following exposition. In recent years, the aberrant expression levels of IL-36 in autoimmune diseases have attracted attention, as well as the correlation between IL-36 and the occurrence and development of diseases. Correspondingly, inhibition of IL-36 holds promise to open new areas in the treatment of autoimmune diseases.
The Function Roles of IL-36 in Autoimmune Diseases
Damage to tissues and organs in autoimmune diseases mainly manifested as immune response disorders. These responses generated an abnormal antibody host that may damage the body’s own cells and tissues. Despite there were the large number of anticipated treatments for autoimmune diseases, most of the exact causes of autoimmune diseases were unknown. However, recent studies have shown that cytokines were crucial in the pathogenesis of autoimmune diseases, particularly the dysregulation of IL-36 in various autoimmune diseases (Table 2).
TABLE 2 | The serum level and the gene level of segmental IL-36 ligands.
[image: Table 2]IL-36 and Psoriasis
Psoriasis, a papulosquamous skin disease, was considered one of the most common immune-mediated diseases. (Griffiths and Barker, 2007) Psoriasis presented different prevalence in different populations, (Furue et al., 2018) which affected about 3% of 30-year-old American adults and 0.1% of children and adolescents. (Wang et al., 2017; Korman, 2020) Immune system disorder was an important factor in the pathological mechanism of psoriasis. This was because psoriatic lesions were the result of interactions between dysregulation of resident skin cell types and innate and adaptive components of the immune system. (Boehncke and Schon, 2015) Previous studies have shown that TNF-α/IL-23/IL-17/1L-22 axis played a crucial role in the development of psoriasis. (Furue et al., 2018) Recently, the potential attenuation of skin inflammation in an IL-23-induced psoriasis mouse model was investigated by functional inhibition of IL-36R, which confirmed that functional activation of IL-36R was also one of the driving forces of psoriasis (Su et al., 2019).
Mojtaba Sehat et al. found that serum IL-36 level was increased in psoriasis. (Sehat et al., 2018) The gene expression level of IL-36 was also increased in psoriasis. (Furue et al., 2018) Besides, the removal of one or two copies of the IL-36Ra gene would aggravate the severity of the phenotype. Furthermore, mice with forced overexpression of IL-36a in the skin was created, and a similar skin inflammatory condition existed in human psoriasis. Skin disorders included thickened squamous skin, acanthosis, hyperkeratosis, and inflammatory infiltrates in the dermis. (Towne and Sims, 2012) Macrophages in psoriasis driven by activating IL-36γ and IL-36R produced IL-23 and TNF-α. This effect was specific for IL-36γ and cannot be mimicked by other IL-1 family cytokines. These diverse experimental results basically suggested a potentially powerful biomarker IL-36 in psoriasis. Moreover, IL-36 affected the function of macrophages, which contributed to the pathogenesis of psoriasis. High levels of IL-36R and IL-36 specifically affected anti-inflammatory M2 macrophages, rendering them a pro-inflammatory M1 phenotype. (Madonna et al., 2019) Therefore, to further elucidate the biological importance of IL-36 in psoriasis, a study performed IL-36α, IL-36β, and IL-36γ gene enrichment analysis of the transcriptome. (Mahil et al., 2017) Although the most indispensable functional role was that of IL-17A in psoriasis, 26 (56%) of the 46 genes upregulated by IL-17 in KCs belonged to the IL-36 group. This further indirectly confirmed that IL-36 may play an important role in psoriasis. (Mahil et al., 2017) It was worth noting that another mechanism to enhance Th17 activity was also related to IL-36, implying induction of phospholipase A2 group IVD (PLA2G4D). (Mahil et al., 2017) The findings demonstrated the enhanced expression of PLA2G4D in psoriatic epidermis, which was comparable to normal skin and eczematous lesions. (Ten Bergen et al., 2020) Besides, mast cells, as one of the immune cells, were the main cell source of PLA2G4D, so it was not difficult to speculate the relationship between PLA2G4D and immune diseases. IL-36 could upregulate phospholipase PLA2G4D, which generated lipid antigen-presenting CD1A reactive T lymphocytes. Stimulation of this cell led to the production of IL-17 and IL-22 (Ten Bergen et al., 2020).
Taken together, reducing IL-36 may be another option for anti-IL-17α therapy in psoriasis. Overall, there may be other regulatory mechanisms between IL-36 and various cytokines in psoriasis.
IL-36 and RA
RA was a systemic inflammatory diseases that primarily affected the diarthrodial joint. (Lee and Weinblatt, 2001) It infected 0.5–1.0% of adults in developed countries, and the disease was typically three times more common in women than in men. RA was defined as a clinical syndrome bridging disease subsets. These different subsets required some inflammatory cascades that ultimately led to a common pattern. The modality was persistent synovial inflammation and was associated with articular cartilage and underlying bone disease. (Scott et al., 2010) Inflammatory cytokines also seemed to be included in the pathological mechanism of RA. (Wang et al., 2016).
Recent studies confirmed the serum IL-36α and IL-36β levels were upregulated in RA patients, and the upregulation between IL-36α and C-reactive protein (CRP) were positively correlated. (Wang et al., 2016) It was reported that subgroups of RA could potentially raise IL-36 agonist/antagonist ratio. (Boutet et al., 2016) Although IL-36α was expressed in a variety of cells, plasma cells were the major source of IL-36 in arthritis. This was because that IL-36α may play a key role in autoimmune and inflammatory responses, which was manifested by plasma cell infiltration into the synovium. (Mai et al., 2018) Besides, IL-36α was a major pro-inflammatory trigger. IL-6 (which stimulated the composition of TNF-α) and IL-8 (a major chemoattractant molecule in which leukocytes migrated further into joints) were markedly upregulated in fibroblast like synoviocytes (FLS). Through this novel mechanism, plasma cells could interact with FLS residents in inflammatory arthritis. In addition, upregulation of IL-36 was related to the presence of inflammatory infiltration in synovial tissue. (Frey et al., 2013) Furthermore, IL-36 was associated with IL-1β, IL-1β, CCL3, CCL4, and macrophage colony stimulating factor (MCSF) in collagen-induced arthritis mice and RA patient synovium, but not with Th17 cytokines. (Boutet et al., 2016) Notably, reduction of IL-36 cytokines didn’t alter the histological signs of TNF-induced arthritis. Similarly, scientists didn’t find differences in the levels of pro-inflammatory cytokines in mice by decreasing IL-36 (Derer et al., 2014).
Although IL-36 has a pathological effect in RA, it is crucial to understand more about the role of IL-36 in other diseases. Therefore, it is possible to confirm its immunological potential in the disease.
IL-36 and IBD
IBD was a chronic intestinal inflammation with a relapsing course. It included ulcerative colitis (UC) and Crohn’s disease (CD). (Friedrich et al., 2014) More than a decade ago, results from a population-based pediatric study of IBD showed an annual incidence of 4.56 per 100,000 children for CD and 2.14 per 100,000 children for UC. Recent findings indicated that these rates appeared to be rising. (Shapiro et al., 2016) Besides, IBD was characterized by an imbalance between innate and adaptive immunity. This imbalance may stimulate T helper responses with a preponderance of pro-inflammatory cytokines. (Friedrich et al., 2014) Studies pointed out that new cytokines, such as IL-36, might be considered useful tool to predict disease progression.
The mRNA expression level of IL-36α and IL-36γ, but not of IL-36β, was increased in the inflamed mucosa of IBD patients, particularly in UC. (Nishida et al., 2016) In dextran sulfate sodium induced colitis and in the colon of CD patients, IL-36α and IL-36γ levels were correspondingly lower and comparable to IL-1β and IL-17A. (Boutet et al., 2016) Differentiation proteins of IL-36α, IL-36β, IL-36γ, and IL-36Ra, intestinal epithelial cells, macrophages, CD8+T cells, and/or DCs were also overexpressed in patients with active IBD. (Fonseca-Camarillo et al., 2018) This suggested that IL-36 could be considered as another potential tool for the diagnosis of IBD activity, and the differences in IL-36β activity could be used to distinguish UC from active IBD. Interestingly, although IL-36α and IL-36γ lacking canonical protease cleavage sites, many extracellular neutrophils could effectively modulate the activity of these cytokines through processing. Thus, activated neutrophils released multiple proteases into extracellular space. If these proteases presented locally, they could be enzymatically converted and could activate the IL-36R ligand. (Neufert et al., 2020) What’s more, IL-36α and IL-36γ might play a pro-inflammatory role in pathological mechanisms of IBD by stimulating CXC chemokines (CXCL1, CXCL2, CXCL3, and so on) and acute phase proteins. (Nishida et al., 2016) IL-36Ra was showed to reduce inflammation by blocking binding of receptor ligands. Thus, inhibition of IL-36R could produce anti-inflammatory effects. It could also induce antifibrotic signals. (Fonseca-Camarillo et al., 2018) Moreover, the differentiation of T cell was influenced by IL-36R activation driving pro-inflammatory Th1 and Th9 responses. Correspondingly, IL-36R axis controlled the balance between the anti-inflammations and pro-inflammatory Th9 cells of regulatory T cell (Neufert et al., 2020).
However, the functional roles associated with IL-36Ra remains unclear, and further studies are needed to explain its role in IBD. Therefore, innovative and rational targets can be provided for therapy.
IL-36 and Systemic Lupus Erythematosus
SLE was a chronic autoimmune disease, which had a range of clinical differences and abnormalities of the immune system by producing autoantibodies. This response targeted nuclear and cytoplasmic antigens and then affected several different organs. (Fortuna and Brennan, 2013) SLE had the highest estimated incidence in North America at 23.2 cases per 100,000, whereas it was more common in African Americans, Hispanics, and Asians than in whites (Kiriakidou and Ching, 2020) Besides, SLE was characterized by dysregulation of activation in both T and B cells, followed by overproduction of autoantibodies and proinflammatory cytokines. Dysregulated cytokines were prevalent in SLE, such as imbalanced anti-/pro-inflammatory cytokine profiles and skewed agonist/antagonist levels. This might be part of a major process in lupus pathogenesis (Chu et al., 2015).
Serum IL-36Ra level was downregulated in SLE patients, whereas serum levels of IL-36α and IL-36γ were elevated and correlated with complement C3 levels. (Mai et al., 2018) Studies further found that serum levels of IL-36α and IL-36γ were positively correlated with increased levels of IL-10, which was considered as a biomarker of SLE. This suggested that IL-36 played a role in progression of SLE, particularly in end-stage diseases. (Chu et al., 2015) Interestingly, IL-36α levels were significantly higher in SLE patients, but lower mRNA levels. (Mai et al., 2018) There are several possibilities: 1) the higher translation efficiency of IL-36α; 2) the reduced rate of protein degradation; 3) the rapid secretion of IL-36α; 4) the negative feedback from controls in gene or protein, or may indicate other noncomplementary regulators. (Mai et al., 2018) Therefore, this mechanism should be further explored.
IL-36 and Neuromyelitis Optica Spectrum Disorder
NMOSD was an inflammatory central nervous system (CNS) syndrome typically associated with serum aquaporin-4 immunoglobulin G antibodies (AQP4—IgG). (Wu et al., 2019) The incidence and prevalence of NMOSD were depended on geographical location and ethnicity, with a higher risk in Asians and Africans. More importantly, approximately 50% of untreated NMOSD patients would become wheelchair users and blind. One-third of NMOSD patients, if untreated, would die within 5 years of their first episode. (Huda et al., 2019) Although anti-aquaporin-4 antibodies (AQP4-ABS) were strongly implicated in the pathogenesis of NMOSD, some studies also suggested that IL-36 may play some role in NMOSD.
In recent studies, serum IL-36 agonists levels were enhanced in NMOSD patients. This study proved that IL-36γ from neutrophils could stimulate microglia to produce neutrophil-stimulating cytokines, and may contribute to neuroinflammation by promoting neutrophil-recruitment (Song et al., 2019; Yang et al., 2019) Neutrophils played an important role in the pathological mechanisms of NMOSD, because polymerization of abnormal neutrophils was found in NMOSD lesions, and the inhibition of neutrophilic protease could attenuate AQP4-IgG damage in the mouse brain (Yang et al., 2019) In addition, murine bone-marrow derived dendritic cells (BMDC) and CD4+T lymphocytes both expressed IL-36R and responded to IL-36α (Song et al., 2019) In turn, the increase of IL-36α may affect immune cells in NMOSD and cause ongoing inflammation. There was a similar cytokine milieu in the cerebrospinal fluid of NMOSD patients and in the synovial fluid of patients with RA. Furthermore, IL-36α may locally ameliorate the effects of IL-17α and TNF-α, and contributed to the pathomechanisms of psoriasis (Yang et al., 2019).
Though the role of IL-36 in neuromyelitis remains to be studied, IL-36 may be involved in the pathologic mechanisms of NMOSD. Also, IL-36α-mediated inflammation may be associated with NMOSD, and therefore IL-36α may be a new biomarker for monitoring the severity of NMOSD.
IL-36 and primary Sjogren’s Syndrome
PSS was an autoimmune disease that mainly affected exocrine glands, such as the salivary and lacrimal glands. (Bjordal et al., 2020) It may affect 2 per 1,000 patients per year, and the overall prevalence in Europe was close to 1%. (Ramos-Casals et al., 2012) Multiple activations of the innate immune system and B and T lymphocytes in pSS were related to disease, whereas IL-36 seemed to be the essential control axis (Boutet et al., 2016).
Serum IL-36α level was higher in pSS and IL-36α expression was significantly increased in pSS salivary gland tissue. (Ciccia et al., 2015) However, IL-36R expression levels were not increased. Studies demonstrated that both IL-36Ra and IL-38 were inhibitors of IL-36α in pSS, but IL-36Ra downregulated and IL-38 overexpressed. (Ciccia et al., 2015) It suggested that the immune system attempted to neutralize the imbalance in IL-36 activation. (Ciccia et al., 2015) What’s more, IL-36 had been implicated in the pathogenesis and the regulation of γδ+ immune function of T cells. (Ciccia et al., 2015) In pSS patients, a higher proportion of γδ+ T cells co-expressed IL-17, IL-36α, and IL-36R. (Ciccia et al., 2015) It may indicate a possible autocrine stimulus circuit. Therefore, the mechanism of IL-36 on pSS should be further studied.
IL-36 and Myasthenia Gravis
MG was a disorder of neuromuscular transmission leading to fatigue and fluctuating weakness of skeletal muscles. (Peragallo, 2017) MG could present at any age with a prevalence of 100–200 per 1 million people per year. But there were usually two peaks: in the second to early thirties (female-dominated) and in the late eighties (male-dominated). (Martinez Torre et al., 2018) MG was an antibody-mediated inflammatory disease. Antibodies mainly destroyed acetylcholine receptor (AChR) at the neuromuscular junction. Recent studies confirmed a link between IL-36 and MG. It demonstrated that serum level of IL-36γ was up-regulated in MG patients. Interestingly serum IL-36γ level in patients with ocular myasthenia gravis (OMG) was lower than those with systemic myasthenia gravis (GMG). (Zhang et al., 2020) However, the serum levels of IL-36α and IL-36β had no difference. (Zhang et al., 2020) This may indicate that IL-36γ was positively correlated with the severity of MG. Thus, the distinct pathogenesis of IL-36 in MG should be further investigated.
IL-36 and Systemic Sclerosis
SSc, also known as scleroderma, was an immune-mediated rheumatic disease. (Denton and Khanna, 2017) It was characterized by dermal and visceral fibrosis and vascular lesions. It was estimated to affect 1 in 10,000 people worldwide. Importantly, mortality in SSc was higher than any other rheumatic disease. Although SSc was generally considered as a typical fibrotic disease within autoimmune rheumatic family, this concept may be an oversimplification. The pathogenesis of SSc was complex, and incompletely understood. But the studies of IL-36α showed that this variant could promote inflammation and fibrosis. (Xu et al., 2019) Firstly, IL-36α was found to promote tubulointerstitial fibrosis in mice with unilateral ureteral obstruction (UUO). Secondly, elevated IL-36α and IL-1R6/IL-1R3 receptor complex was demonstrated in myofibroblasts. It was associated with fibrotic tissue in patients with chronic pancreatitis. (Artlett, 2018) Finally, NLRP3 gene transcription was increased in SSc fibroblasts. Moreover, in skin biopsy samples from SSc patients, it proved that NLRP3 inflammasome hyperactivation and positively correlated with skin thickness. More importantly, recombinant IL-36α could stimulate the NLRP3 inflammasome. (Xu et al., 2019) In conclusion, more studies are suggested to clarify the role of IL-36 and its receptor in fibrosis.
Regulatory Role of IL-36 in Autoimmune Diseases
It was well known that complex molecular mechanisms were included in the occurrence and severity of autoimmunity. Current understanding was incomplete, so it was difficult to treat them effectively. However, it has been recognized that IL-36 may be a potent biomarker for autoimmune diseases through direct or indirect regulation. Thus, this section summarized the cellular mechanisms of IL-36 in autoimmune diseases. (Figure 2).
[image: Figure 2]FIGURE 2 | IL-36 ligands induced different signaling pathways, which may promote or inhibit pro-inflammatory response. Common signaling pathways included JNK, MEK-ERK, MAPK-p38, Wnt signaling pathway and so on.
Dectin-1/SYK Signaling Pathway
The Dectin-1/SYK signaling pathway could interact with the TLRS-dependent MyD88 signaling pathway to enhance the cytokine release. (Dennehy et al., 2008) Additionally, Dectin-1/SYK and TLR4 signaling pathways have been shown to be involved in the induction of IL-36γ. (Gresnigt et al., 2013) The interaction between Dectin-1 receptor and TLR2 enhanced the MAPK signaling pathway. It could enhance cell phagocytosis of fungi and drive Th17 response. It also increased the cytokine production. (Goodridge and Underhill, 2008) TLR2 and CR3 ameliorated negative regulation of IL-36γ induced by Aspergillus. Previous experiments couldn’t detect the generation of IL-17 or IFN-γ when IL-36γ or IL-36β was bound to IL-12 or IL-23. This was contrary to the binding of IL-1/IL-23 and IL-18/IL-12, suggesting that IL-36 ligand was not a substitute for IL-1β or IL-18 (Gresnigt et al., 2013).
MEK-ERK Signaling Pathway
The MEK-ERK signaling pathway could regulate IL-36γ-induced expression of IL-23p19 and EBI3 through host factors (such as growth factors). Epidermal growth factor (EGF) activated MEK-ERK signaling pathway in epithelial cells, enhanced the activation of IL-23p19 expression, and inhibited EBI3 expression. IL-23p19 and EBI3 were a heterodimerization to form a new cytokine-IL-39 that could improve neutrophil elongation (Scholz et al., 2018).
Wnt Signaling Pathway
The Wnt signaling pathway was mainly involved in embryonic development and self-renewal of adult tissues. It could exert anti-inflammatory and pro-inflammatory effects through multiple mechanisms. β-catenin was a major regulator in the Wnt signaling pathway. In KCs, IL-36γ induced release of inflammatory cytokines (such as IL-1β, IL-6, and IFN-γ) through the Wnt signaling pathway. Also, IL-36β enhanced down-regulation of filaggrin, involucre protein, keratin 1, and keratin 5 at mRNA levels by inhibiting differentiation of KCs (Wang et al., 2017).
Other Signaling Pathways
Firstly, stimulation of IL-36R promoted the recruitment of MyD88-binding proteins to the TIR domain. (Swindell et al., 2018). IL-36α could rapidly induce the composition of MyD88 linked molecules to form complexes and activated JNK, MAPK, and ERK1/2 signaling pathways. This complex consisted of MyD88, TRAF6, IRAK1, and TAK1. IL-36R could also induce phosphorylation of MAPKs, and then activated p42/44MAPK, p38MAPK, and JNK signaling pathways. (Nishida et al., 2017; Swindell et al., 2018; Li et al., 2019) IL-36γ activated the JNK signaling pathway through IL-36R/IL-1RAcP. This might lead to the secretion of IL-6. In other words, blocking the JNK signaling pathway could inhibit upregulation of IL-6 and IL-2 induced by IL-36γ in vitro (Meissner et al., 1988) In fact, the acute response phase was activated by IL-6, which was identified as the transcriptional regulator STAT3. STAT3 was then regulated by IL-17, IL-22, IL-23, and other cytokines. (Lichawska-Cieslar et al., 2021) Besides, the differentiation of Th9 cell was simultaneously promoted through IL-2-STAT5-dependent and IL-4-STAT6-dependent signaling pathways. (Harusato et al., 2017) Previous studies have shown that rapid induction of the MyD88 complex by IL-36α caused the activation of NF-κB/(Activator Protein 1) AP-1. (Swindell et al., 2018) MAPK signaling pathway inhibitors inhibited the activation of c-Jun (AP-1), but not NF-κBp65. It further confirmed that NF-κB was activated in a similar manner by IL-36α stimulation, whereas AP-1 was activated by IL-36α in a tandem manner. Furthermore, NF-κBp65 and c-Jun-specific siRNAs transfection inhibited IL-36-induced secretion of CXCL1, CXCL8, matrix metalloproteinase-1 (MMP-1) and matrix metalloproteinase-3 (MMP-3). (Nishida et al., 2017) IL-36γ promoted nuclear transfer of NF-κBp65 and p50 under neutral conditions, but not p105. (Harusato et al., 2017) Enhanced nuclear translocation of NF-κBp65 may alter the overall proportion of NF-κBp50 to NF-κBp65 via IL-36. It led to impaired differentiation of iTreg cells. Moreover, IL-36R inhibited the differentiation of iTreg cells through MyD88 and NF-κBp50 signaling pathways in CD4+T cells, and redirected to IL-9-producing iTreg cells. Additionally, IL-36γ induced expression of mucin 5Ac in human airway epithelial cells through IL-36R-mediated p38-NF-κB signaling pathway (Harusato et al., 2017).
The Therapeutic Potential Role of IL-36 in Autoimmune Diseases
Over the years, many studies demonstrated the diagnostic value of IL-36. Taking generalized pustular psoriasis (GPP) as an example, IL36RN mutations were common in GPP patients, especially in patients without associated plaque psoriasis. The proportion of IL36RN mutation in GPP ranged from 23 to 37%. Disease severity was influenced by IL-36RN mutation status. In the analysis of GPP patients, the presence of recessive IL36RN alleles (found in 21% of cases), early onset (in patients with no pathogenic IL36RN alleles, p = 5.9 × 10–7), systemic inflammation (83 vs. 56%, p = 1.5 × 10–3), no complications of plaque psoriasis (36 vs. 69%, p = 5.0 × 10–4). (Furue et al., 2018) Using IBD as another example, IL-36β-producing potential lymphocytes in submucosal, muscle, serosal, and perivascular tissue from patients with active CD, compared with non-inflammatory control tissue, increased inflammatory infiltration (Fonseca-Camarillo et al., 2018) Moreover, the gene expression of IL-36α (p = 0.050), IL-36β (p = 0.032 and p = 0.036), IL-36γ (p = 0.02 and p = 0.03), and IL-36Ra (p = 0.006 and p = 0.007) was significantly higher in colonic inflammatory tissue with active UC compared with inactive UC and non-inflamed controls (Fonseca-Camarillo et al., 2018) Together, these findings statistically demonstrate the potential of IL-36 as a diagnostic biomarker.
Currently, the treatment of autoimmune diseases mainly relied on non-specific immunosuppression (Wu et al., 2020) Despite there were various important breakthroughs in therapeutic medicine, especially with respect to biologics, insufficient selection of targets often led to suboptimal effects, systemic adverse effect and patient nonadherence. The mechanisms of other autoimmune diseases were still being explored. However, by gaining multiple mechanistic and therapeutic knowledge of IL-36 in autoimmunity, it paved the clinical way for inhibitory molecules. Due to its important regulatory role in the inflammatory cascade and humoral innate immunity, IL-36 held promise as a diagnostic biomarker for autoimmune diseases. For example, in a mouse model of psoriatic inflammation induced by imiquimod (TLR7 agonist), the epidermal and skin features of psoriasis were strongly suppressed in IL-36R deficient mice and enhanced in IL36RN deficient mice, (Furue et al., 2018) suggesting that reducing IL-36 cytokines also had a potential role in therapy. Similarly, Qian Li’s team established a complete Freund’s adjuvant (CFA) mouse model, and the level of IL-36γ protein in the spinal cord was upregulated from day 1 to day 7 after CFA injection. This phenomenon was consistent with the changing trend of IL-36γ mRNA (p < 0.05). IL-36R protein levels were upregulated on day 3 after CFA injection and remained high until final examination on day 7 (p < 0.05). To discover the role of IL-36 in CFA-induced inflammatory pain, Qian Li et al. injected IL-36Ra intrathecally on the seventh day after the injection in CFA. The results confirmed that hyperalgesia improved from day 2 of IL-36Ra treatment and persisted until the last IL-36Ra treatment (p < 0.05). Furthermore, IL-36Ra treatment for 5 days reduced mechanical pain abnormalities continuously with 65% recovery in mice after the last injection of IL-36Ra (p < 0.05). (Li et al., 2019) In conclusion, the accumulation signs provide a rationale for the interference of IL-36 as a potential target for the treatment of autoimmune diseases.
Additionally, serum IL-36 levels were positively correlated with disease severity in psoriasis (Sehat et al., 2018) Besides, serum levels of IL-36α (Song et al., 2019) and IL-36β (Yang et al., 2019) in NMOSD patients correlated with disease severity. Thus, in the future, IL-36 may serve as a prognostic marker in partial autoimmune diseases. Certainly, these still need to continue exploration.
Future Expectations
IL-36 plays an important role in the initiation and progression of autoimmune diseases. With more in-depth studies of the mechanism of IL-36 and the use of the latest technology to study the relationship between IL-36 and diseases, the understanding of regulatory network of the gene expression will be improved to a new level.
Firstly, immune cells have been a major focus of genome exploration. Remarkably, CRISPR is a major technology used by immunologists to manipulate immune cell genomes to reveal the genetic basis of immunity. (Simeonov and Marson, 2019) CRISPR can be a flexible or a modular system. The former is represented by its use in cell lines, primary human cells, and animal models to knock out gene function or to insert new genetic sequences. The latter is that CRISPR recruits diverse effector functions to specific sites in the genome in a programmed manner. Recently, there is a focus on improving the editing efficiency of CRISPRCas9 in primary human immune cells, rewriting the single gene diseased variant to cure patients with immune related diseases. (Chang et al., 2015) For example, sibling families caused by recessive mutation in IL-2Ra with different autoimmune manifestations could have Foxp3+ Treg-like cells. (Roth et al., 2018) These cells with dysfunction expressed inappropriate level of IL-2Ra. Non-viral CRISPR based genomic targeting has been shown to correct pathogenic mutations of IL-2Ra and to preserve IL-2Ra expression in T cells from these patients. Although IL-36 belonged to IL-1 family, which was different from IL-2 family, IL-36, IL-2, and IL-4 (Nguyen et al., 2020) in IL-2 family could also be regulated by STAT signaling pathways. (Harusato et al., 2017) Therefore, if gene editing is combined with IL-36, it may have the same effect.
Secondly, anti-cytokine therapy has emerged as a treatment for some autoimmune diseases. In particular, the success of anti-cytokine therapies in the treatment of chronic plaque psoriasis holds the promise for generalizing this approach to other cytokine targets for new drug development. (Veilleux and Shear, 2017) For example, CNTO-1275, the anti-p40 monoclonal antibody against IL-12 and IL-23 was in phase II clinical trials for psoriasis. As in the previous phase I, psoriasis area and severity index decreased by 75% or better in all patients at the highest dose level. There were many studies on the application of this therapy in other immune diseases. For instance, in the open trial of anakinra (IL-1Ra) for SLE, anakinra treatment showed safety and improved arthritis in all four patients. (Anolik and Aringer, 2005) Ustekinumab was a monoclonal antibody targeting the shared P40 subunit common to IL-12/23. (Jefremow and Neurath, 2020) It was approved for the treatment of moderate and severe CD and UC. (Almradi et al., 2020) In a previous introduction, the summary of IL-36 was suggested as a potential drug target for psoriasis and other autoimmune diseases. The functional associations between IL-36 and several cytokines were also summarized. A recent phenotypic study identified a large number of individuals without a functional IL-36R.These individuals retained normal immune function, which may indicate the possibility of treatment by blocking IL-36. (Bridgewood et al., 2018) Thus, it is reasonable to suspect the translational potential of IL-36 for drug evolution in psoriasis and a wide range of autoimmune and/or autoinflammatory conditions.
Finally, IBD, including CD, and UC, is an abnormal mucosal immune response to the gut microbiota. (Larabi et al., 2020) Fortunately, models of congenital colitis further demonstrate the complex relationship between gut microbiota and intestinal inflammation. Studies have found that genetic, environmental, and immune-mediated microbiota interacted in the pathomechanisms of IBD. Genetic mutations and environmental factors are predisposing factors that lead to impaired immune responses to the gut microbiota. This may lead to a pro-inflammatory state. (Glassner et al., 2020) A recent study has shown that the amelioration of inflammation was associated with IL-6, which may be regulated by the intestinal microbiota. (He et al., 2019) Other studies confirmed the mutually beneficial relationship between microbiota and immune cells in Il10−/−mice. Il10−/− mice did not develop typical spontaneous enterocolitis when they were born and maintained under green fluorescence conditions. Similar effects were observed when Il10−/− mice were treated with antibiotics from the neonatal period. (He et al., 2019) Other interleukin families may also influence the onset and progression of IBD by affecting intestinal flora. On the one hand, intestinal flora colonization in mice by IBD donors may aggravate colitis immune responses by changing intestinal flora. (Glassner et al., 2020) On the other hand, the important role of IL-36 in IBD was summarized before. (Fonseca-Camarillo et al., 2018) Therefore, there may also be some inflammatory feedback mechanisms between IL-36 and intestinal microbiota in IBD.
CONCLUSION
Aberrant expression levels of IL-36 were found in many autoimmune diseases. Although pharmacotherapy targeting IL-36 has made some progress in a few areas such as psoriasis. Most studies of autoimmune diseases were still limited to animal experiments. Th17 cells (IL-17A and IL-22) and Th1 cells (IFN-γ and TNF-α) were proved to play a role in the pathological mechanisms of inflammatory diseases. IL-36 was focused on inducing the generation of Th1 and Th17 cells. In return, they potentiated the effects of IL-36 in an autocrine manner. In addition to being involved in the regulation of skin inflammation, IL-36 was also involved in the inflammatory state of lung tissue, the synovium of joints, and mucosal tissue of the colon. It might first ameliorate the inflammatory response in skin lesion, arthritis, and bowel diseases. But the functional and regulated roles of IL-36 remain unclear. Especially in human, the exact roles of IL-36 in autoimmune diseases requires further investigations.
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Background: Accumulating evidence suggests that the polymerase I and transcript release factor (PTRF), a key component of the caveolae structure on the plasma membrane, plays a pivotal role in suppressing the progression of colorectal cancers. However, the role of PTRF in the development of functional gastrointestinal (GI) disorders remains unclear. Post-infectious irritable bowel syndrome (PI-IBS) is a common functional GI disorder that occurs after an acute GI infection. Here, we focused on the role of PTRF in the occurrence of PI-IBS and investigated the underlying mechanisms.
Methods: Lipopolysaccharide (LPS) (5 μg/ml) was used to induce inflammatory injury in human primary colonic epithelial cells (HCoEpiCs). Furthermore, a rat model of PI-IBS was used to study the role of PTRF. Intestinal sensitivity was assessed based on the fecal water content. A two-bottle sucrose intake test was used to evaluate behavioral changes. Furthermore, shRNA-mediated knockdown of PTRF was performed both in vitro and in vivo. We detected the expression of PTRF in colonic mucosal tissues through immunohistochemistry (IHC), western blotting (WB), and immunofluorescence (IF) analysis. Luciferase activity was quantified using a luciferase assay. Co-localization of PTRF and Toll-like receptor 4 (TLR4) was detected using IF analysis. The activation of the signaling pathways downstream of TLR4, including the iNOs, p38, extracellular signal-regulated kinase (ERK), and c-Jun N-terminal kinase (JNK) pathways, was detected via WB. The levels of NO, IL-1β, IL-6, and TNF-α were measured using enzyme-linked immunosorbent assays.
Results: LPS significantly induced PTRF expression and signaling downstream of TLR4, including p38, ERK, and JNK pathways, in HCoEpiCs. Moreover, shRNA-mediated knockdown of PTRF in HCoEpiCs significantly decreased the phosphorylation of JNK, ERK, and p38 and iNOS expression. In PI-IBS rats, the lack of PTRF not only reduced fecal water content and suppressed depressive behavior but also increased the body weight. Furthermore, we found a strong co-localization pattern for PTRF and TLR4. Consistently, the lack of PTRF impaired TLR4 signaling, as shown by the decreased levels of p-JNK, p-ERK, and p-p38, which are upstream factors involved in iNOS expression.
Conclusion: PTRF promoted PI-IBS and stimulated TLR4 signaling both in vitro and in vivo. The results of this study not only enlighten the pathogenesis of PI-IBS but also help us understand the biological activity of PTRF and provide an important basis for the clinical treatment of PI-IBS by targeting PTRF.
Keywords: polymerase I and transcript release factor, post-infectious irritable bowel syndrome, TLR4 signaling, ERK, JNK, p38, iNOS
INTRODUCTION
More than 40% of the people worldwide suffer from functional gastrointestinal (GI) disorders, which seriously threaten the quality of life of these patients and result in high social costs (Fikree and Byrne, 2021; Sperber et al., 2021). Irritable bowel syndrome (IBS) is a chronic, recurring, and remitting functional disorder of the GI tract associated with multiple comorbidities such as dyspepsia, interstitial cystitis, fibromyalgia, insomnia, chronic fatigue, headache/migraine, and psychiatric disturbances (Chang, 2014). In post-infectious IBS (PI-IBS), a subset of IBS, gastroenterologists often encounter situations where the pathologies of functional and organic disorders overlap, which is described as the “blurring of boundaries.” An initiating GI infection is required for the development of PI-IBS. The key associating features of PI-IBS include pain, diarrheal symptoms, and microscopic inflammation, which are associated with psychological distress (Grover et al., 2009). Thus, as a common GI disorder, PI-IBS is characterized by gut flora, immune dysregulation, and the effect of stress (Gong et al., 2014).
Although there are several drugs for PI-IBS, effective and approved treatments for one or more of the symptoms of PI-IBS are needed. An improved understanding of the pathophysiological mechanisms such as the role of the impaired bile acid metabolism, neurohormonal regulation, immune dysfunction, the role of the epithelial barrier, and psychological distress of the gut has led to advancements in the treatment of IBS (Saha, 2014).
The therapeutic effects of medicines against PI-IBS are hard to evaluate due to the lack of preclinical animal models (Bensoussan et al., 1998; Brandt et al., 2009). In this study, a rat model of PI-IBS with associated symptoms of visceral hypersensitivity, high fecal water content, anxiety, depression, and slight colitis was established through complex stimulation with early postnatal sibling deprivation (EPSD), intrarectal administration of trinitro-benzene-sulfonic acid (TNBS), and chronic unpredictable mild stress (CUMS) (Wang et al., 2015b).
Furthermore, the molecular pathophysiological mechanisms of PI-IBS remain unclear (Liu et al., 2014; Liu et al., 2020). Accumulating evidence shows that persistent inflammation is a common phenomenon in a variety of IBS subtypes as the gut microbiota precipitates the onset of colitis. The levels of inflammatory cytokines TNF-α, IL-1β, and IL-12 were found to be elevated in the intestinal tissue (Zhang et al., 2019; Camilleri, 2021). However, no specific therapeutic strategy targeting these molecules has been identified to date.
Toll-like receptors (TLRs) are vital for maintaining tissue homeostasis and immune tolerance (Mokhtari et al., 2021). TLR2 heterodimeric complexes have been reported to play a role in the modulation of the immune system and the pathogenesis of intestinal inflammation (Al-Sadi et al., 2021; Dejban et al., 2021). It is well acknowledged that among the TLRs, TLR4 is the receptor for lipopolysaccharide (LPS) (Newton and Dixit, 2012). It has been reported that MYD88-, TLR2-, TLR4-, TLR5-, and TLR9-deficient mice are more susceptible to chemically induced colitis owing to defects in intestinal epithelial permeability, reduced proliferation, and increased apoptosis (Burgueño et al., 2020). Furthermore, suppression of TLR4 signaling resulted in the development of necrotizing enterocolitis (Sodhi et al., 2021).
Accumulating evidence has shown that some caveolae-associated proteins, such as cavin-1, cavin-2, cavin-3, and cavin-4, were involved in regulating cell growth, endocytosis, mitochondrial functions, migration, and senescence (Hill et al., 2008; Bai et al., 2020). Cavin-1, also known as the polymerase 1 and transcript release factor (PTRF), is a conserved structural protein that regulates caveolae functions (Hill et al., 2008). Previous research has shown that PTRF participates in some key pathways during the progression of intestinal diseases. Wang et al. discovered that PTRF inhibits the metabolic processes of colorectal cancer cells, including proliferation, migration, and invasion (Wang et al., 2017a). However, it remains unknown whether PTRF has any influence on the development of the PI-IBS disorder. Moreover, the lack of PTRF impaired the formation of the TLR4/Myd88 complex, while LPS strengthened the co-localization and the interaction between PTRF and TLR4 in lipid rafts (Zheng et al., 2013). The detailed role of TLR4 signaling in the PI-IBS disorder and its connection with PTRF remain to be identified.
In this study, inflammation was induced in HCoEpiCs by LPS to characterize the expression of PTRF and investigate its role in alleviating inflammation. In addition, a PI-IBS rat model was simultaneously established to identify the role of PTRF in the occurrence of PI-IBS and to analyze the underlying mechanisms.
MATERIALS AND METHODS
Cell Cultures and Treatment
Human primary colonic epithelial cells (HCoEpiCs) were obtained from ScienCell and cultured in the colonic epithelial cell medium supplemented with 100 μg/ml penicillin, 100 μg/ml streptomycin, and 10% fetal bovine serum at 37°C in a humidified atmosphere with 5% (v/v) CO2. The cells were treated with LPS (5 μg/ml) for 6 h after adherence to the wall.
Establishment of Stably Transfected Cells
For knockdown studies, the target sequence in the PTRF cDNA was selected, and the appropriate shRNA oligo was cloned into the GV594-U6-MCS-CAG-firefly_Luciferase vector. The sh PTRF sense (S) oligonucleotide sequence 5′-GCC​AGA​TAA​AGA​AAC​TGG​AGG​TCA​A and the sh PTRF antisense (As) oligonucleotide sequence 5′-TTG​ACC​TGG​AGT​TTC​TTT​ATC​TGG​C were annealed and cloned into a pGC/U6 plasmid. One unrelated sequence (S: 5′-GCC​AAT​AAA​GAG​TCA​GGA​GTG​ACA​A and As: 5′-TTG​TCA​CTC​CTG​ACT​CTT​TAT​TGG​C) was used as a control (GENECHEM Biotech, Shanghai, CN). Cells were transfected with a specific plasmid or control vector using Lipofectamine 2000 according to the manufacturer’s instructions (Invitrogen, United States) and retained in a medium containing 10% fetal bovine serum.
Animals
Adult pregnant Sprague–Dawley rats weighing 190–210 g were purchased from Zhejiang Weitong Lihua Laboratory Animal Technology Co., Ltd. (animal license number SCXK; Zhejiang; 2019-0001). All rats were supplied by experimental protocols in accordance with the National Institutes of Health regulations program, and the study was approved by the Institutional Animal Care and Use Committee of Wannan Medical College. Throughout the acclimatization and study periods, all animals had access to food and water ad libitum and were maintained on a 12 h light/dark cycle (at 21 ± 2°C with a relative humidity of 45 ± 10%), except during the CUMS and sucrose intake test periods. The rats were housed under specific pathogen-free conditions.
PI-IBS Rat Model Establishment
Because PI-IBS is an inflammatory immune disease, only newborn male rats were used. According to reported procedures (Wang et al., 2015b; Ma et al., 2017), a rat model of PI-IBS was established using a multi-stimulation paradigm including EPSD and intrarectal administration of TNBS and CUMS.
Briefly, litters were removed from their maternity cages to the adjacent cages at 9:00–12:00 am from postnatal day 2 (PN2) to postnatal day 14. Two weeks after adeno-associated virus (AAV) injection (on PN28), colitis was induced in rats after pentobarbital anesthesia based on a previously published method, which involved the intrarectal administration of 0.8 ml of TNBS solution (20 mg per rat) in 50% ethanol on postnatal day 42 (Qin et al., 2012). The control rats were administered with 0.8 ml of 50% ethanol as a vehicle. All solutions were delivered via a soft catheter, introduced 8 cm above the anus. After recovery from TNBS modeling for 2 weeks, the protocol was performed as follows: 1) water fasting for 24 h, 2) fasting for 24 h, 3) reverse day/night cycle (dark treatment from 7:00 to 19:00 and lighting from 19:00 to 7:00 the next day), 4) cold stress (rats were put into a transparent barrel containing ice water at 4°C at a depth of 15 cm) for 5 min, 5) heat stress (rats were put into a thermostat at 45°C) for 5 min, 6) pain induction (rats were put into an observation cage, and their tails were clipped at 1 cm from the distal tip, with appropriate strength to make the rats scream), and 7) horizontal oscillation [rats were placed into a horizontal oscillator at a high speed (110/min)] for 15 min. Each type of stress was performed daily for 21 consecutive days, as shown in Figure 1 (Mineur et al., 2006; Isingrini et al., 2010).
[image: Figure 1]FIGURE 1 | Experimental protocol.
AAV9-PTRF-KD Construction and Tail Vein Injection
For the PTRF knockdown studies, rats were randomly divided into three groups (n = 6 per group): normal, PI-IBS/AAV9-PTRF-KD, and PI-IBS/AAV9-NC. PTRF knockdown and control recombinant AAV9-luciferase vectors were constructed (GENECHEM Biotech). The administration procedures were performed according to previous studies (Fang et al., 2019). Briefly, 5 × 1010 physical particles of AAV in 200 μl of PBS were injected into the tail veins of rats in the PI-IBS/AAV9-PTRF-KD and PI-IBS/AAV-NC groups.
Luciferase Reporting Assay
Luciferase activity in plasma was quantified using a luciferase assay system (Promega, Madison, WI, United States) according to the manufacturer’s protocol. One week after the sucrose intake test, the colon was removed for a PTRF expression evaluation by western blotting (WB) and immunohistochemistry (IHC). The results were reported as luciferase activity/total protein.
Sucrose Intake Test
To evaluate the effect of PTRF on depression, a sucrose intake (1% sucrose solution) test was performed as described in a previous study (Ribeiro-Carvalho et al., 2011). Rats were singly housed and supplied with one bottle filled with tap water and another with 2% sucrose solution for 24 h. To balance side preference, locations of the two bottles were switched after 12 h. Following 24 h of fasting and water abstinence, the experimental process was initiated immediately after the training completion. Rats were given 1 h access to sucrose solution and water, and the consumption of each bottle was recorded. The percentage of sucrose consumption was calculated as (sucrose intake/total intake) × 100.
Histology
One week after the sucrose intake test, rat colons were removed and fixed in paraformaldehyde. The colons were then embedded in paraffin and cut into 5 μm-thick sections. For hematoxylin and eosin (H&E) staining, the slices were developed using 3,3′-diaminobenzidine (DAB) and counterstained with hematoxylin.
Immunohistochemical Staining
The colon samples were fixed in 4% formalin and embedded in paraffin. Tissue slices of a 5 μm thickness were prepared for IHC staining. The PTRF antibody (Thermo Fisher Scientific) at a dilution of 1:200 was used as the primary antibody. For IHC assessment, the entire tissue section was scanned and scored by two independent pathologists.
Immunofluorescence
Cells were cultured in confocal dishes and washed with PBS three times, followed by fixation in 4% paraformaldehyde for 30 min, permeabilization with 0.5% Triton X-100, and blocking with goat serum. Then, the cells were subjected to staining with the anti-PTRF antibody (Thermo Invitrogen) at a dilution of 1:50, followed by the CY3-conjugated goat anti-rabbit secondary antibody (Abcam) at a dilution of 1:500 prior to imaging. For paraffin slices obtained from colon tissue samples, the PTRF antibody (1:50, Thermo Invitrogen) and TLR4 antibody (1:50, Thermo Invitrogen) were used as primary antibodies, followed by the FITC-conjugated goat anti-mouse secondary antibody (1:500, Abcam) or the CY3-conjugated goat anti-rabbit secondary antibody (1:500, Abcam) for imaging. The cells and slides were then counterstained with 4′,6-diamidino-2-phenylindole (DAPI) as a nuclear indicator and visualized with a confocal laser-scanning microscope (LSM 880 Carl Zeiss).
ELISA
Colon homogenates were centrifuged at 10,000 xg for 20 min, and protein concentrations in the supernatants of the homogenates were determined using a bicinchoninic acid assay kit. Tissue homogenates containing TNF-α, IL-6, IL-1, and NO were centrifuged at 1,000 × g, 4°C for 10 min, and the concentrations of these cytokines in the supernatants were measured using enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturer’s directions (R&D systems). The concentrations of NO were measured using a total nitric oxide assay kit (Beyotime Biotechnology). The sample and standard dilutions were prepared using the experimental media, and the results were expressed as the mean ± standard deviation (SD).
Western Blot Analysis
Proteins were extracted from tissue samples or cell lysates using RIPA buffer [150 mM NaCl, 50 mM Tris-Cl, 1 mM EGTA, 1% (v/v) Triton X-100, 0.1% (w/v) sodium dodecyl sulfate (SDS), and 1% (w/v) sodium deoxycholate, pH 8.0]. To test the expression profile of PTRF at different stages of PI-IBS, 12 rats were sacrificed at P2, P15 (after EPSD treatment), P50 (after EPSD and TNBS treatments), and P78 (after EPSD, TNBS, and CUMS treatments), and colon homogenates were prepared. Protein concentrations were determined using a protein assay solution (Bio-Rad). Equivalent amounts of proteins were denatured in the protein loading buffer, run on 10% SDS-PAGE gels, and subsequently transferred to polyvinylidene difluoride (PVDF) membranes (Millipore, Billerica, MA) by electroblotting. The PVDF membranes were blocked with 5% nonfat milk in Tris-buffered saline/Tween buffer for 1 h and incubated overnight at 4°C with antibodies against PTRF (1:2,000, Abcam), extracellular signal-regulated kinase (ERK) (1:2,000, Cell Signaling), p-ERK (1:1,000, Cell Signaling), c-Jun N-terminal kinase (JNK) (1:2,000, Cell Signaling), p-JNK (1:1,000, Cell Signaling), P38 (1:2,000, Cell Signaling), p-P38 (1:2,000, Cell Signaling), GAPDH (Cell Signaling, 1:2,000), and iNOS (1:1,000, Thermo Invitrogen). Signals were detected using an ECL detection reagent (Pierce, Inc.), following the manufacturer’s instructions.
Data Quantification and Statistical Analysis
All data were presented as the mean ± SD. Statistical significance was analyzed using one-way analysis of variance (ANOVA), followed by Tukey’s test for multiple comparisons. A nonparametric test was used to compare band density values between the groups. Statistical significance was set at p < 0.05.
RESULTS
PTRF was Required for LPS-Mediated iNOS Induction and NO Production in Colorectal Epithelial Cells
To investigate the potential role of PTRF in the regulation of PI-IBS, we studied several colorectal cell lines (Colo320, HT29, and CaCo2) and normal cells. Among these cell lines, the PTRF expression was the lowest in Colo320 cells and the highest in HCoEpiCs (Wang et al., 2017a). We then tested whether the differential expression of PTRF would lead to differences in the development of inflammation in HCoEpiCs.
To further investigate the mechanisms by which PTRF regulates inflammation, we used LPS-induced HCoEpiCs as our cellular model in vitro. PTRF and iNOS expressions were significantly increased in HCoEpiCs, particularly within the first 24 h after LPS stimulation (Figure 2A). Consistent with these results, the level of NO was increased in the culture supernatant and peaked at 12 h (Figure 2B). Additional studies indicated that LPS induces the phosphorylation of mitogen-activated protein kinase (MAPK) signaling cascades, including ERK, p38, and JNK, which peaked at 90 min. Consequently, we deleted PTRF in HCoEpiCs using PTRF shRNA transfection. A PTRF deletion efficiency of more than 50% was achieved (Figures 3A,C). As shown in Figure 3C, siRNA-PTRF cells showed reduced iNOS expression, evidenced by WB analysis. Furthermore, NO, the product of iNOS, was significantly decreased in response to LPS in PTRF-knockdown cells (Figure 3B). Similarly, in HCoEpiCs, knockdown of PTRF significantly inhibited the phosphorylation of ERK, p38, and JNK as compared to control HCoEpiCs. These results suggested that PTRF indeed regulated LPS-induced inflammation in HCoEpiCs.
[image: Figure 2]FIGURE 2 | LPS-induced PTRF expression and iNOs pathway activation in HCoEpiCs. The cells were stimulated with LPS (5 μg/ml) for the indicated time intervals. (A) Cell lysates were blotted with anti-PTRF and anti-iNOs. The relative expressions were standardized to the endogenous control GAPDH. Left: Representative images of PTRF and iNOs expression; an antibody for GAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). Data are reported as the mean ± S.D., *p < 0.05 compared with 0 h, and #p < 0.05 compared with 24 h. (B) Nitric oxide (NO) production from supernatants of the cells was measured by ELISA. Data are reported as the mean ± S.D. n = 10, **p < 0.01 compared with 0 h, and ##p < 0.01 compared with 24 h. (C) Cell lysates were blotted with anti-p38/phospho-p38, anti -ERK/p-ERK, and anti-JNK/p-JNK. The relative expressions were standardized to the endogenous control GAPDH. Left: representative images of p38/phospho-p38, ERK/p-ERK, and JNK/p-JNK blots; an antibody for GAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). Data are reported as the mean ± S.D., *p < 0.05 compared with 0 min, and #p < 0.05 compared with 60 min.
[image: Figure 3]FIGURE 3 | Deletion of PTRF inhibited LPS-induced iNOS pathway activation in HCoEpiCs. (A) Staining of PTRF (red) in HCoEpiCs transfected with the PTRF shRNA plasmid (siRNA PTRF) and negative control plasmid (siRNA control). Scale bar = 50 μm. (B) Levels of NO in the culture supernatant. n = 10, **p < 0.01 compared with the siRNA control, and ##p < 0.01 compared with the LPS+siRNA control. (C) Western blot analysis of PTRF and iNOS in HCoEpiCs transfected with siRNA PTRF or the siRNA control. Left: representative images of PTRF and iNOs expression; an antibody for DAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). (D) Phosphorylation of ERK, JNK, and p38 in HCoEpiCs transfected with siRNA PTRF or siRNA control. Left: representative images of p38/phospho-p38, ERK/p-ERK, and JNK/p-JNK blots; an antibody for DAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). *p < 0.05 compared with the siRNA control, and #p < 0.05 compared with the LPS+siRNA control.
AAV-Mediated PTRF Knockdown Resulted in Reduced TLR4/PTRF Interactions and Suppressed p38, ERK, and JNK Pathway Activation in PI-IBS rats
Since in vitro silencing of PTRF significantly inhibited LPS-induced inflammation, we investigated whether the inhibition of PTRF targets could effectively inhibit PI-IBS in vivo. To determine intestinal efficiency in vivo, WB and IHC assays were used to detect PTRF expression in the intestines (Figures 4, 5). WB analysis indicated that PTRF expression was significantly increased after EPSD, TNBS, and/or CUMS stimulation (Figure 4A).
[image: Figure 4]FIGURE 4 | PTRF expression in rat colons following tail vein injection of the AAV9-PTRF-KD vector. (A) Homogenates of colons were blotted with anti-PTRF. The relative expressions were standardized to the endogenous control GAPDH. Left: representative image of PTRF expression; an antibody for DAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). Data are reported as the mean ± S.D., *p < 0.05 compared to PN2. #p < 0.05 compared to PN15. (B) Immunohistochemical staining of PTRF. (C) Merged confocal images represent overlays of PTRF (red), TLR4 (green), and nuclear staining by DAPI (blue). (D) Quantitative analysis of luciferase activity. n = 6, Mean ± SD. Scale bar = 200 μm in (B) and (C).
[image: Figure 5]FIGURE 5 | AAV-mediated PTRF knockdown affected TLR4 downstream signaling. (A) Homogenates of colons were blotted with anti-PTRF and anti-iNOs. The relative expressions were standardized to the endogenous control GAPDH. Left: Representative images of PTRF and iNOs expression; an antibody for GAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). Data are reported as the mean ± S.D., *p < 0.05 compared to normal. #p < 0.05 compared to PI-IBS-AAV-NC. (B) Colonic homogenates were blotted with anti-p38/phospho-p38, anti-ERK/p-ERK, and anti-JNK/p-JNK. The relative expressions were standardized to the endogenous control GAPDH. Left: representative images of p38/phospho-p38, ERK/p-ERK, and JNK/p-JNK blots; an antibody for GAPDH was used to show equal protein loading; right: bar graphs show quantitative evaluation (n = 3). Data are reported as the mean ± S.D., *p < 0.05 compared to normal. #p < 0.05 compared to PI-IBS-AAV-NC.
Recombinant AAV vector-mediated gene delivery to intestinal epithelial cells provides a new approach for gut transduction and allows the study of intestinal diseases (Fang et al., 2019). According to a previous study, we selected AAV serotype 9, which provides a relatively high efficiency in gut transduction (Polyak et al., 2012) and transfected rats with AAV-PTRF knockdown (AAV-PTRF-KD) or control (AAV-NC) vectors through tail vein injection. Luciferase activity was quantified as a reporter in this study. At day 1, animals treated with AAV vectors containing the luciferase sequence demonstrated positive luciferase expression, which peaked at week 12 (Figure 4D). We showed that AAV-PTRF-KD led to a reduction in PTRF protein levels compared with AAV-NC in targeted regions (colons) in PI-IBS rats (Figures 4B, 5A).
To determine whether PTRF was localized with TLR4, we co-stained the tissue slides with anti-PTRF and anti-TLR4 antibodies. We found a strong co-localization pattern for PTRF and TLR4. Furthermore, TLR4/PTRF co-expression decreased when PTRF was knocked down by AAV-PTRF shRNA (Figure 4C). Consequently, the activation of TLR4 downstream signaling, including the p38, ERK, and JNK pathways, was significantly suppressed by AAV-PTRF-KD in PI-IBS rats. As shown in Figure 5A, PI-IBS-induced expression of iNOs and generation of NO were markedly diminished in the PI-IBS-AAV-PTRF-KD group compared with those in the control group.
AAV-Mediated PTRF Knockdown Alleviates Inflammation and Ameliorates Body Weight, Sucrose Intake, and Fecal Water Content in PI-IBS Rats
To determine whether PTRF loss contributed to PI-IBS, we performed AAV-mediated genetic knockdown. Body weight, sucrose intake, and fecal pellets were measured to assess the induction of PI-IBS. In addition, the colons of rats were stained with H&E to observe the histological changes. IL-1β, IL-6, and TNF-α levels in colonic homogenates were evaluated in each group. The PI-IBS-AAV-NC group showed a significant decrease in body weight, which coincided with a higher fecal water content (Figure 6A). Figure 6A also shows the volume of water and sucrose consumed during the sucrose preference test. ANOVA revealed that there was a significant decrease in sucrose preference after CUMS treatment. However, AAV-mediated PTRF knockdown increased body weight and sucrose preference, which coincided with the decreased fecal water content. These results suggest that suppression of PTRF ameliorates symptoms of PI-IBS, such as intestinal functions and depression.
[image: Figure 6]FIGURE 6 | AAV-mediated PTRF knockdown alleviates PI-IBS in rats. (A)Left, rat’s body weight; middle, fecal water content; and right, sucrose preference. (B) Representative images of H&E staining of colon sections, scale bar = 300 μm (C) IL-1β, IL-6, and TNF-α expression in supernatants of intestinal mucosa homogenates. Data are presented as the mean ± SEM, n = 6. *p < 0.05, **p < 0.01 compared to normal. #p < 0.05, ##p < 0.01 compared to PI-IBS-AAV-NC.
H&E staining showed that the colonic epithelial cells in each group were arranged regularly. Cell inflammation, infiltration, or colonic epithelial cell damage, with slight shrinkage and swelling of cellular processes, was observed in the PI-IBS-AAV-NC group. AAV-mediated PTRF knockdown alleviated colonic epithelial cell damage, including inflammation and swelling, in the PI-IBS group. These findings indicate that PTRF contributes to inflammation injury induced by TNBS. Cytokine levels in the colon homogenates, including IL-1β, IL-6, and TNF-α, were significantly higher in the PI-IBS-AAV-NC group compared to those in the normal group and were significantly lower in the PI-IBS-AAV-PTRF-KD group (Adriani et al., 2018).
DISCUSSION
As a key component of the caveolae structure on the plasma membrane, PTRF has been widely reported as a tumor suppressor (Bai et al., 2012; Gámez-Pozo et al., 2012; Nassar et al., 2013; Moon et al., 2014). On the other hand, several studies have found that PTRF promotes progression and resistance to treatment in breast cancer, pancreatic cancer, glioblastomas, and colorectal cancer (Yi et al., 2013; Wang et al., 2014). Such contradicting observations have led multiple research groups to postulate that the role of PTRF in cancer varies with the specific type and stage (Nassar and Parat, 2015). We studied the function of PTRF in the development of colorectal cancers and reported that the expression of PTRF is significantly reduced in tumor tissues derived from human patients with colorectal cancers. In addition, we found that the expression of PTRF negatively regulates the tumorigenic activities of colorectal cell lines (HcoEpiC, Colo320, HT29, and CaCo2). Furthermore, biochemical studies revealed that overexpression of PTRF led to the suppression of the AKT/mTOR pathway, as evidenced by reduced phosphorylation of AKT, mTOR, and downstream MMP-9. Thus, these molecules may serve as potential therapeutic targets for human gastrointestinal diseases (Wang et al., 2017b). However, the function of PTRF in intestinal epithelial cells and gastrointestinal disorders has been disputed. Thus, future studies are needed to define the role of PTRF in the regulation of intestinal epithelial cell functions and functional disorders.
As mentioned above, in our previous study, we found the highest expression of PTRF in the intestinal epithelial cells HCoEpiCs, which are able to trigger an immune response through the innate immune system (Wang et al., 2017b; Sina et al., 2020). PTRF/Cavin-1 regulates LPS-induced inflammation in HCoEpiCs, as indicated by the phosphorylation of MAPK signaling cascades and iNOS demonstrated in cellular experiments. PTRF has numerous functions, including cell signaling and lipid regulation (Hill et al., 2008). The MAPK signaling pathway mediates many pathological responses, including inflammation and apoptosis (Dong et al., 2020). Specific signaling pathways associated with inflammation, such as MAPK pathways, tyrosine kinases, and eNOS, are regulated by caveolin and bind to pro-survival and pro-growth molecules (Tian et al., 2020). In addition, caveolin protein regulation of eNOS modulates inflammatory signaling via the local control of NO production (Dong et al., 2020). In this study, we reported that PTRF deletion in HCoEpiCs reduced iNOS expression and significantly inhibited the phosphorylation of ERK, p38, and JNK, suggesting that PTRF indeed regulates LPS-induced inflammation. Moreover, investigating whether inhibition of PTRF targets could effectively induce similar effects in vivo, we performed AAV-mediated PTRF knockdown in PI-IBS rats, which resulted in suppressed p38, ERK, and JNK pathway activation. These findings suggested that PTRF ameliorated inflammation through the regulation of MAPK and iNOS pathways.
Evidence supports that TLR4 is a key receptor that provides a rapid response in gut innate immunity, especially in intestinal inflammation (Hausmann et al., 2002; Wang et al., 2015a). The mechanism derived from LPS-induced inflammation is mainly attributed to the suppression of MAPK signaling cascades by the inhibition of TLR4 signaling (Wang et al., 2017c). Signaling cascades (TLR2/6, TLR4, and TLR9) have been shown to converge with the signaling pathway of the anaphylatoxin receptors C3aR and C5aR1 at the MAPKs, primarily ERK1/2 and JNK, resulting in the increase of pro-inflammatory cytokines including TNF, IL-1β, and IL-6 (Sina et al., 2020). Moreover, the reduction of PTRF resulted in its interaction with TLR4 and regulation of the TLR4 signaling pathway. Moreover, caveolae have been found to be the receptor of downstream molecules (Liu et al., 2019). Additionally, studies indicate a PTRF-impaired formation of the TLR4/Myd88 complex, while LPS strengthened the co-localization and interaction between PTRF and TLR4 in lipid rafts (Zheng et al., 2013). Further studies indicate that upon LPS being recognized, TLR4 and its downstream components traffic from the nonraft portion to the lipid raft portion on the plasma membrane. It means that PTRF is required for the TLR4 signaling assembly, especially after LPS stimulation, and helps to “hold” the TLR4 pathway components together in the rafts, which trigger the downstream signal cascades, including ERK, p38, and JNK (Zheng et al., 2013).
In this context, AAV-mediated PTRF knockdown resulted in a reduced TLR4/PTRF interaction, indicating a strong co-localization pattern for PTRF and TLR4. Furthermore, TLR4/PTRF co-expression decreased when PTRF was knocked down by AAV-PTRF shRNA in PI-IBS rats. In fact, the downregulation of PTRF affects all MAPK pathways, including ERK, p38, and JNK (Figure 5). This result shows that the key step of PTRF regulation falls on the initial TLR4 signaling. Thus, it is easily understood that the downregulation of PTRF attenuates TLR4 downstream products, including NO production, iNOS synthesis, and cytokines release. These findings are consistent with the previous reports indicating that a close contact between TLR4 and PTRF is a requisite for restoring intestinal inflammation.
The PI-IBS model rats in our experiments showed greater levels of tension and anxiety, among other emotions. The body weight of these animals decreased with the increased fecal water content, and there was a significant decrease in sucrose preference after EPSD treatment, which is consistent with the results of previous studies (Yu et al., 2021). AAV-mediated PTRF knockdown increased the body weight and sucrose preference, which coincided with the decreased fecal water content. However, a previous study demonstrated that homozygous PTRF knockout mice had a leaner body mass compared to wild-type animals (Low et al., 2014). This contradiction could be attributed to comprehensive factors including the modeling method, research purposes, species of animals, etc. As reported previously, IBS patients have distinctly increased serum TNF-α and IL-1β levels. Particularly, the IL-1β level is increased in PI-IBS patients (Ortiz Lucas et al., 2010). Equally, serum cytokine levels, including IL-1β, IL-6, and TNF-α, were significantly higher in the PI-IBS-AAV-NC group compared with those in the normal group. Cell inflammation, infiltration, or colonic epithelial cell damage, slightly shrunken and surrounded by swollen cellular processes, was observed in the PI-IBS-AAV-NC group. PTRF-knockdown treatment significantly attenuated inflammation. Overall, these results suggest that suppression of PTRF ameliorates symptoms of PI-IBS such as intestinal functions and depression.
CONCLUSION
In conclusion, PTRF has been demonstrated to attenuate symptoms of PI-IBS, such as the inflammation process, both in vitro and in vivo by regulating the expression of PTRF depending on the phosphorylation of MAPK signaling cascades and iNOS, affecting TLR4/PTRF co-expression and ameliorating tension emotions. These results imply that PTRF could be used as a target for therapeutic interventions for functional gastrointestinal disorders.
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Objective: To investigate the immunological mechanism of bone marrow–derived mesenchymal stem cells (BM-MSCs) in inflammatory bowel disease (IBD).
Methods: Mice with 2,4,6-trinitrobenzene sulfonic acid (TNBS)–induced colitis were intraperitoneally injected with phosphate-buffered saline, BM-MSCs, BM-MSCs with tumor necrosis factor–induced protein 6 (Tnfaip6) knockdown mediated by RNA interference recombinant adenovirus, and BM-MSCs–infected with control adenovirus or recombinant mouse Tnfaip6. The disease activity index, weight loss, and histological scores were recorded. Serum levels of Tnfaip6 and pro- and anti-inflammatory cytokines, including interleukin (IL)-21, tumor necrosis factor-alpha (TNF-α), IL-10 were measured by enzyme-linked immunosorbent assay. The relative expression levels of these cytokines, B-cell lymphoma 6 (BCL-6) and fork-like transcription factor p3 (Foxp3) in the colon were determined by real-time quantitative PCR (RT-qPCR). BCL-6 and Foxp3 are the master regulators of follicular helper T cells (Tfh) and follicular regulatory T cells (Tfr), respectively. The infiltration of Tfh and Tfr in mesenteric lymph nodes (MLNs) and spleens was analyzed by flow cytometry.
Results: Compared to the normal control group, the expression levels of BCL-6 and IL-21 in the colon, Tfh infiltration, and ratios of Tfh/Tfr in the MLNs and spleen, and the serum concentrations of IL-21 and TNF-α increased significantly in the colitis model group (p < 0.05). Intraperitoneal injection of BM-MSCs or Tnfaip6 ameliorated weight loss and clinical and histological severity of colitis, downregulated the expression of BCL-6, IL-21, and TNF-α, upregulated the expression of Foxp3, IL-10, and Tnfaip6 (p < 0.05), increased Tfr and reduced the infiltration of Tfh in the MLNs and spleen, and downregulated the Tfh/Tfr ratio (p < 0.05). On the other hand, BM-MSCs lost the therapeutic effect and immune regulatory functions on Tfh and Tfr after Tnfaip6 knockdown.
Conclusion: Tfh increase in the inflamed colon, Tfh decrease and Tfr increase during the colitis remission phase, and the imbalance of the Tfh/Tfr ratio is closely related to the progression of IBD. Tnfaip6 secreted by BM-MSCs alleviates IBD by inhibiting Tfh differentiation, promoting Tfr differentiation, and improving the imbalance of Tfh/Tfr in mice.
Keywords: mesenchymal stem cells, inflammatory bowel disease, colitis, Tnfaip6, follicular helper T cells, follicular regulatory T cells
INTRODUCTION
Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn's disease (CD), is characterized by an abnormal inflammatory response. In recent years, the global incidence and prevalence of IBD has been rising with highest prevalence in Europe and North America and rising incidence in newly industrialized countries in Africa, Asia, and South America (Ng et al., 2017; Jones et al., 2019; Xu et al., 2021). Studies have shown a greater predominance of CD in women than in men, but a greater predominance of UC in men than in women (Goodman et al., 2020). IBD severely affects the life quality of patients with a long course and recurrence. Current studies have shown that genetic susceptibility, immune response disorders, and environmental factors are involved in the pathogenesis of IBD. However, the precise etiology and pathogenesis of IBD are yet unclear. Since no curative treatments have been developed for IBD, it is important to study the pathogenesis of IBD and explore effective treatment methods.
Immune dysfunction is closely related to IBD. The differentiation of activated T cell subsets, including T helper (Th)-1 cells, Th9 cells, Th17 cells, and regulatory T cells (Treg), is unbalanced and a large number of pro-inflammatory cytokines such as tumor necrosis factor (TNF) α, interleukin (IL)-4, IL-5, IL-9, IL-13, and IL-33 are released, leading to tissue damage and impaired intestinal function (Gao et al., 2016; Friedrich et al., 2019). Follicular helper T cells (Tfh) and follicular regulator T cells (Tfr) are two newly found T helper cells in the germinal centers in recent years (Sage and Sharpe 2016; Vinuesa et al., 2016). Tfh is mainly regulated by transcription factor B-cell lymphoma 6 (BCL-6) and characterized by abundant production of IL-21 and highly expressed CD4, CXC chemokine receptor 5 (CXCR5), programmed cell death 1 protein (PD-1), and inducible co-stimulator (ICOS) and assists in the differentiation, proliferation, and secretion of antibodies of B cells (Dong 2021; Dong et al., 2021). IL-21 has an important positive regulatory effect on Tfh differentiation and acts directly on B cells (Dong et al., 2021). On the other hand, Tfr is mainly regulated by the fork-like transcription factor p3 (Foxp3) and characterized by abundant production of IL-10 (Canete et al., 2019), highly expressed CD4, CXCR5, and Foxp3, inhibition of inflammatory responses, and balancing of the immune-promoting effect of Tfh (Sage and Sharpe 2016). Besides, IL-10 inhibits the release of pro-inflammatory cytokines such as IL-21 and IL-17 and weakens B-cell help functions of Tfh (Cai et al., 2012; Yao et al., 2021). Recent studies have shown that the abnormal levels of Tfh/Tfr are closely related to the production of autoantibodies and the formation of germinal centers in various autoimmune diseases, such as systemic lupus erythematosus, rheumatoid arthritis, type 1 diabetes, and asthma (Xu et al., 2013; Gensous et al., 2017; Gensous et al., 2018; Liu et al., 2018; Gong et al., 2019). Our previous study also found that the number of Tfh cells in the intestinal germinal centers was increased in both UC and CD patients, whereas the number of Tfr cells reduced (Yang et al., 2020), suggesting that Tfh and Tfr are involved in the progression of IBD.
Mesenchymal stem cells (MSCs) have high proliferation and multidirectional differentiation capabilities, express immunosuppressive molecules and various growth factors, have strong immune regulatory functions, and maintain immune homeostasis. Clinical trials have proven that MSC transplantation is a promising treatment in IBD (Panes et al., 2018; Zhang et al., 2018; Cheng et al., 2019; Shi et al., 2019). Some studies have demonstrated that the immunomodulatory function of MSCs is mainly mediated by their secretory activity (Song et al., 2020), among which tumor necrosis factor–induced protein 6 (Tnfaip6) has a crucial role (Sala et al., 2015; Song et al., 2017). Tnfaip6 is the secreted protein product of tumor necrosis factor–stimulating gene-6 (TSG-6) with a molecular mass of about 35–38 kDa. It binds to a variety of ligands, such as matrix molecules, chemokines, and growth factors, and exerts immune regulation and tissue protection functions.
Tfh and Tfr are imbalanced in IBD. The therapeutic and immunomodulatory effects of MSCs on IBD depend on the secretion of Tnfaip6. Therefore, it could be speculated that MSCs alleviate IBD through the secretion of Tnfaip6 by improving Tfh/Tfr imbalance. In this study, we assessed the effects of bone marrow–derived (BM) MSCs on a 2,4,6-trinitrobenzene sulfonic acid (TNBS)–induced colitis mice model, together with the immunomodulatory effect on Tfh/Tfr, in order to identify the immunological mechanism of MSCs in the treatment of IBD.
MATERIALS AND METHODS
Culture, the Subculture of Bone Marrow–Derived Mesenchymal Stem Cells, and Adenovirus Infection
BM-MSCs derived from Balb/c mouse and a complete medium set were purchased from Cyagen Biotechnologies (Suzhou, China). Cells were incubated in a complete medium containing 10% fetal bovine serum and 1% penicillin–streptomycin at 37°C in a 5% CO2 humidified incubator, following the manufacturer's instructions. At 80–90% confluency, the adherent cells were passaged after digestion with 0.25% (wt/v) trypsin/0.02% (wt/v) EDTA for 2–3 min. The culture medium was replaced every 2–3 days. BM-MSCs at passage 8 were used for subsequent transfection and transplantation experiments.
BM-MSCs were transfected with control adenovirus (GeneChem Inc., Shanghai, China) using the enhanced infection solution (GeneChem) or complete medium as the infection system for 8 h with multiplicity of infection (MOI) of 0, 50, 100, 200, and 400 to detect the best MOI. The non-transfected cells were taken as the naïve control. After 48 h of in vitro adenovirus infection, transfected and non-transfected BM-MSCs were harvested. To detect the infection rate and whether adenovirus affects the phenotype of MSCs, the cell morphology and growth state were observed, and the expression of green fluorescence protein (GFP) in mouse BM-MSCs and the cell surface molecules (CD31, CD45, and Sca-1) were detected by flow cytometry. Then, BM-MSCs were infected with mouse Tnfaip6 RNA interference (RNAi) recombinant adenovirus (GeneChem) at the best MOI. The expression level of TSG-6 mRNA after transfection was determined by reverse transcription–quantitative polymerase chain reaction (RT-qPCR), and RNAi adenovirus with the highest interference efficiency at the mRNA level was screened out from three candidate targets. The target sequences of mouse Tnfaip6 RNAi recombinant adenoviruses were tgG​AAG​GTT​TAG​CCA​TCT​ATA, ccC​AAA​TGA​GTA​CGA​TGA​CAA, and ccC​GGC​TTC​AAT​ATT​TAT​ATT, labeled as virus A, B, and C, respectively. Finally, mouse BM-MSCs were infected with the selected RNAi adenovirus, and Tnfaip6 knockdown was confirmed by Western blotting.
To determine the phenotype after infection with control adenovirus, MSCs were suspended in Cell Staining Buffer (BioLegend, San Diego, California, USA) at a cell density of 106 cells/100 μL/tube, stained with PE anti-Sca-1, FITC anti-CD31, and FITC anti-CD45 (BioLegend), at 4 °C for 15 min in the dark, and fixed with 500 µL of 4% paraformaldehyde. MSCs stained with isotype-matched control antibodies (PE anti-IgG2a and FITC anti-IgG2a; BioLegend) were taken as the control. Flow cytometry was conducted using a Navios system (Beckman Coulter, Miami, Florida, USA) and analyzed using Kaluza Analysis 2.0 and Navios software.
To detect TSG-6 mRNA in MSCs, total RNA was extracted from BM-MSCs using a PrimeScript™ RT Reagent Kit with gDNA Eraser (TaKaRa Bio Inc., Shiga, Japan), according to manufacturer's instructions. First-strand cDNA was synthesized using 0.5 μg of total RNA. The cDNA samples were then amplified in the AriaMx Real-Time PCR system (Agilent Technologies, Palo Alto, California, United States) for 40 cycles (95°C for 5 s, 60°C for 20 s, and 72°C for 15 s) with specific oligonucleotide primers (TaKaRa, Dalian, China). Each sample was analyzed in triplicate, with Tubulin used as the housekeeping gene. The relative quantification of the target gene was determined using the ΔΔCT method. The primers used in RT-qPCR are listed in Table 1.
TABLE 1 | List of genes screened by quantitative real-time PCR genes assessed using SYBR Green.
[image: Table 1]In order to determine the level of Tnfaip6, BM-MSCs were homogenized in radioimmunoprecipitation assay buffer (Solarbio, Beijing, China) mixed with protease inhibitor (Solarbio). Total protein concentration was quantified using a bicinchoninic acid protein assay kit (Solarbio), and the denatured protein extract was stored at −80°C until use. Proteins were resolved by sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidene fluoride membrane (Millipore, Boston, Massachusetts, United States). The membrane was blocked with 8% skim milk in Tris-buffered saline containing 0.1% Tween-20 (TBST) at room temperature for 3 h and probed with rabbit anti-mouse Tnfaip6 antibody (1:1,000, Cell Signaling, Boston, Massachusetts, United States) or tubulin antibody (1:1,000, Shanggong Inc., Shanghai, China) in TBST at 4°C for 12 h. Successively, the membranes were incubated with horseradish peroxidase (HRP)–conjugated goat anti-rabbit secondary antibodies (1:3,000, Abcam, Cambridge, United Kingdom) at 37°C for 1 h. Then, the immunoreactive bands were detected by enhanced chemical luminescence (Biosharp, Hefei, China).
Animal Experiments and Colitis Induction
Balb/c mice (female, 8–9 weeks old, 19–21 g) were purchased from Charles River (Hangzhou, China), housed under standard conditions (controlled temperature 26–27°C, humidity 60–70%, and a 12-h light/dark cycle), and maintained for at least 1 week before the experiments began. The animal study was reviewed and approved by the Animal Care and Welfare Committee of Guangxi Medical University.
TNBS-induced colitis is characterized by T-cell–mediated immunity and widely used to explore immune regulation in IBD (Wirtz et al., 2017). This colitis model is more in line with the characteristics of transmural colitis of CD, which is characterized by a female preponderance (Goodman et al., 2020), so female mice were used in this study. Colitis was induced in mice by TNBS (Sigma-Aldrich, Saint Louis, Missouri, United States) as described previously (Wirtz et al., 2017). Briefly, the shaved skin was pre-sensitized with 150 μl of 1% (wt/v) TNBS–olive oil–acetone solution, and then 100 μl of 2.5% (wt/v) TNBS in 50% ethanol was injected into the colon of 24-h fasted mice 7 days after pre-sensitization. Mock-treated mice were administered olive oil–acetone solution and injected an equal volume of phosphate-buffered saline (PBS) through the anus as the normal control. Subsequently, the hair color, activity, weight change, stool consistency, and fecal occult blood test results were recorded daily. One day after enema (i.e., day 2), the mice were injected with a single intraperitoneal dose of BM-MSCs, BM-MSCs with or without Tnfaip6 knockdown infected by recombinant adenovirus (1×106 cells in 100 μl PBS/mouse), or an equivalent volume of PBS as control, while each mouse in the Tnfaip6 group was injected intraperitoneally with 4 μg of recombinant mouse Tnfaip6 daily from days 2–5, as described in the literature (Sala et al., 2015). For this experiment, mice were randomly divided into six groups with 10 mice in each group: control, model (TNBS + PBS), MSCs (TNBS + BM-MSCs), Ad-MSCs (TNBS + BM-MSCs infected with control adenovirus), RNAi-MSCs (TNBS + MSCs infected with Tnfaip6 RNAi adenovirus), and Tnfaip6 (TNBS + Tnfaip6). On day 8, 150 μl of 4% (wt/v) chloral hydrate was injected intraperitoneally to anesthetize the mice. Next, blood samples were collected from the eye, and serum samples were obtained by centrifugation at 3,000 rpm at 4°C for 15 min. Then, the mice were sacrificed by cervical dislocation, and biological samples (colon tissue, mesenteric lymph nodes, and spleen) were obtained for further analysis. Serum samples were assessed by enzyme-linked immunosorbent assay (ELISA). Colon tissue was excised for histological assessment and RT-qPCR analysis. The MLNs and spleen were analyzed by flow cytometry to characterize Tfh and Tfr.
Fecal Occult Blood Test
The fecal occult blood tests were performed on the mice from days 2–8 using commercial fecal occult blood test kits (dry chemical) (Ameritek, Jiaxing, China), according to the manufacturer's instructions.
Evaluation of Colitis Severity and Histological Analysis
Weight loss and stool consistency were recorded daily during the entire experiment. Colon sections were fixed in 10% formaldehyde for 24 h, embedded in paraffin, and cut into 3-μm sections that were stained with hematoxylin and eosin and assessed for colonic damage microscopically. Histological examinations were performed in a blinded manner. The disease activity index (DAI) and inflammation-related histologic score were evaluated for each mouse. The DAI score was calculated based on the scores obtained for weight loss, stool consistency, and degree of intestinal bleeding: score = 0, less than 1% weight loss, normal stool, negative hemocult; score = 1, 1–5% weight loss, soft but still formed stool; score = 2, 6–10% weight loss, soft stool, positive hemocult; score = 3, 11–18% weight loss, very soft or wet stool, blood traces in stool visible; and score = 4, weight loss more than 18%, watery diarrhea, gross rectal bleeding. The criteria for histological score were graded as follows: 0 point = no evidence of inflammation; 1 point = low level of inflammation, with scattered infiltrating mononuclear cells (1–2 foci); 2 points = moderate inflammation, with multiple foci; 3 points = high level of inflammation, with increased vascular density and marked wall thickening; and 4 points = maximal severity of inflammation, with transmural leukocyte infiltration and loss of goblet cells (Wirtz et al., 2017).
Quantitative Detection of mRNA Expression by Real-Time Quantitative PCR
RT-qPCR was used to assess the relative mRNA expression of molecules in the colon, including the Tfh main transcription factor BCL-6, the Tfr main transcription factor Foxp3, and related cytokines including IL-10, IL-21, and TNF-α with 1 μg total RNA as described above, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. Primers are listed in Table 1.
Enzyme-Linked Immunosorbent Assay
The serum concentrations of Tnfaip6, IL-10, IL-21, and TNF-α of the mice were detected using commercial ELISA kits, according to the manufacturer's instructions. All ELISA kits were purchased from Shanghai MLbio Company in Shanghai, China, except the Tnfaip6 ELISA kit which was purchased from Signalway Antibody Company (College Park, Maryland, United States).
Flow Cytometry Analysis
The spleen cells were collected in sterile ice-cold PBS and passed through a 200-µm cell strainer into a 15-ml tube by mechanical disruption using the plunger of a 5-ml syringe. The cells were pelleted by centrifugation at 1,500 rpm for 5 min and lysed with 4 ml red blood cell lysate buffer (Solarbio) for 5 min; the above filtration, collection, and centrifugation steps were repeated. The MLN cells were isolated by the same procedure except for the step of red blood cell lysis. To characterize Tfh and Tfr, the MLN and spleen cells (1×106/tube) were stained with Pacific Blue™ anti-CD4, PE-Cy™7 anti-CXCR5, and APC anti-PD-1 (BD Biosciences, Franklin Lake, New Jersey, United States), at 4° for 30 min in the dark. Meanwhile, the cells were stained with matched isotype control antibodies (Pacific Blue™ anti-IgG2a, PE-Cy™7 anti-IgG2a, APC anti-IgG2, PE anti-IgG2a; BD Biosciences) and taken as the control. Then, the cells were stained with PE anti-Foxp3 at 4°C for 30 min after permeabilization and fixation using Foxp3/Transcription Factor Buffer Set (eBioscience, San Diego, California, United States). Finally, the cells were suspended in 500 µl of 4% paraformaldehyde, and the percentages of CD4+CXCR5+PD-1+ Tfh and CD4+CXCR5+Foxp3+ Tfr of the MLNs and spleen were detected by flow cytometry.
STATISTICAL ANALYSES
Data are presented as mean ± standard deviation. Statistical analysis was performed using one-way analysis of variance followed by Bonferroni test for data comparisons between three or more groups, except for grade data in DAI, and the histological score was evaluated using the Kruskal–Wallis test by GraphPad 5.0 software (GraphPad Software Inc., San Diego, California, United States). p-values < 0.05 were considered statistically significant.
RESULTS
Detection of Adenovirus Transfection Efficiency
As shown in Figures 1B–E, 48 h later, BM-MSCs were found to be in good condition under the fluorescence microscope at MOI of 0, 50, 100, and 200. Slight green fluorescence was detected at the MOI of 50 and 100, while strong green fluorescence was observed at MOI of 200 and 400, and morphology retraction was detected in some of the cells at the MOI of 400 (Figure 1). These results indicated that the optimal MOI was 200.
[image: Figure 1]FIGURE 1 | Expression of GFP in BM-MSCs 48 h after transfection at different levels of MOI. (A) Control BM-MSCs; (B–F) expression of GFP 48 h after BM-MSCs transfection by control adenovirus at different levels of MOI (MOI = 0, 50, 100, 200, and 400), ×100 magnification. n = 3 per group. Scale bar = 100 μm.
The adenovirus infection rate was about 90% (Figure 2). No obvious changes were observed in cell morphology and growth status postinfection. MSCs hardly expressed CD45 and CD31, and their positive rates were <0.5% after infection with control adenovirus. On the other hand, MSCs highly expressed Sca-1 with a positive rate >99% (Figure 3). The expression of CD31, CD45, and Sca-1 met the MSCs standards on the cell surface.
[image: Figure 2]FIGURE 2 | Infection rate of control adenovirus in MSCs detected by flow cytometry. MOI = 200. n = 3 per group.
[image: Figure 3]FIGURE 3 | MSCs surface molecules detected by flow cytometry after infection by control adenovirus. n = 3 per group.
To determine the knockdown efficiency of transfected BM-MSCs, RT-qPCR and Western blotting were performed. As shown in Figure 4A, RNAi adenovirus C was confirmed with the highest interference efficiency at the mRNA level in the three candidate target sequences. The levels of Tnfaip6 in the transfected BM-MSCs were significantly lower than those measured from the naïve BM-MSCs and BM-MSCs infected with control adenovirus (Figures 4B,C).
[image: Figure 4]FIGURE 4 | Tnfaip6 was knocked down in BM-MSCs after infection by recombinant RNAi adenovirus. (A) Relative expression levels of TSG-6 mRNA detected by RT-qPCR in MSCs, Ad-MSCs, and RNAi-MSCs; (B,C) relative expression levels of Tnfaip6 protein detected by Western blotting in MSCs, Ad-MSCs, and target C RNAi-MSCs. MSCs: uninfected control BM-MSCs; Ad-MSCs: BM-MSCs infected with control adenovirus; and RNAi-MSCs: BM-MSCs infected with recombinant Tnfaip6 RNAi adenovirus C. *p < 0.05 compared to MSCs or Ad-MSCs group. n = 3 per group.
These findings suggested that Tnfaip6 RNAi recombinant adenovirus has been successfully transfected into BM-MSCs, leading to a significant knockdown of Tnfaip6 but did not affect the phenotype of MSCs.
Intraperitoneally Administered Bone Marrow–Derived Mesenchymal Stem Cells–Secreted Tnfaip6 Plays a Key Role in Attenuating TNBS-Induced colitis
On days 6 and 7, one mouse died in the model and Tnfaip6 knockdown MSCs groups, and no mice died in the other groups before blood collection. On the following days of TNBS enema, mice in the model group gradually developed arched backs, lazy movements, reduced food and water intake, and roughened hair and reduced gloss, and soft, loose, mucous, watery, or even bloody stools. Fecal occult blood tests were positive, weight was gradually decreased, and DAI was significantly increased (Figures 5A,B). In the later stage of modeling, due to the body's self-healing tendency, the feces became thin and soft with mucus attached to the surface, the positive rate of the occult blood tests decreased, the weight of some mice stabilized or rebounded slightly, and the DAI decreased gradually (Figures 5A–D). On day 8, mice were sacrificed, and the histology of the colon was assessed. Some colitis mice had an intestinal obstruction and showed adhesion of intestinal tissue to peripheral tissues at the obstructed site. The histological examination revealed infiltrating inflammatory cells, increased vascular density and marked wall thickening, loss of goblet cells, and penetrating ulcer in TNBS-induced colitis mouse colons (Figures 6A–C).
[image: Figure 5]FIGURE 5 | Intraperitoneal injection of MSCs or Tnfaip6 ameliorates TNBS-induced colitis in mice. (A) Changes in body weight; (B) changes of the DAI; (C) comparisons of body weight on day 8; and (D) comparisons of the disease activity index on day 8. ap < 0.05 compared to the control group. bp <0.05 compared to the model group. cp > 0.05 compared to the model group. n ≥ 9 per group.
[image: Figure 6]FIGURE 6 | MSCs or Tnfaip6 ameliorates histological changes in TNBS-induced colitis in mice. (A) Colon tissue injury in each group: obvious ulcers and mucosal bleeding in the model and RNAi-MSCs groups, no visible lesions in other groups. (B) Inflammation-related histologic scores. (C) Representative HE-stained images of colon sections (×40 and ×200 magnification). Control group: normal colon; model and RNAi-MSCs group: infiltrating inflammatory cells, increased vascular density and marked wall thickening, loss of goblet cells, and penetrating ulcer; and MSCs, Ad-MSCs, and Tnfaip6 groups: intact intestinal wall with mucosal and/or submucosal inflammatory cell infiltration. ap < 0.05 compared to the control group. bp < 0.05 compared to the model group. cp > 0.05 compared to the model group. n ≥ 9 per group.
After intraperitoneal injection of BM-MSCs, Ad-MSCs, or Tnfaip6, the weight loss and DAI score were all lower than those in the model group from day 4 (p < 0.05), and no significant differences were detected in the body weight loss and DAI among mice injected with BM-MSCs, Ad-BM-MSCs, or Tnfaip6 (p > 0.05) (Figures 5A–D). After the administration of MSCs, Ad-MSCs, or Tnfaip6, the intestinal obstruction and adhesion of intestinal tissue were significantly improved, no transmural ulcers were observed, glands were more orderly than those in the model group, inflammatory infiltrations were significantly reduced, and inflammation-related histologic score was lower than that of the model group (p < 0.05) (Figures 6A–C). However, after injected with RNAi-MSCs, no statistical differences were detected in the weight loss, DAI, and the inflammation-related histologic score compared to that of the model group (p > 0.05) (Figures 5, 6). The above results indicated that BM-MSC transplantation ameliorated TNBS-induced colitis in mice. The injection of recombinant Tnfaip6 achieved similar effects as BM-MSC transplantation (Figures 5, 6). BM-MSCs lost the therapeutic effect of colitis after Tnfaip6 was knocked down in the IBD mice model (Figures 5, 6).
Bone Marrow–Derived Mesenchymal Stem Cells–Secreted Tnfaip6 Modulates the Immune Response in TNBS-Induced Colitis
Next, we evaluated the effect of BM-MSCs on the modulation of inflammatory cytokines and molecules closely related to the differentiation and immune regulatory effects of Tfh and Tfr in TNBS-induced colitis, assessed the relative expression level of Tfh's main transcription factor BCL-6 and Tfr's main transcription factor Foxp3 mRNA by RT-qPCR in inflamed colons, and detected serum IL-21, TNF-α, IL-10, and Tnfaip6 concentrations. The relative expressions of BCL-6, IL-21, and TNF-α mRNA were higher in the inflamed colon of the model group compared to those of the control group (p < 0.05), accompanied by the same tends of serum IL-21, TNF-α, and Tnfaip6, while IL-10 and Foxp3 were slightly increased without statistical differences (p > 0.05) (Figures 7, 8). After intraperitoneal injection of BM-MSCs or Tnfaip6, the expression of BCL-6, TNF-α, and IL-21 were significantly decreased (p < 0.05) (Figures 7, 8), while expression of Foxp3, IL-10, and Tnfaip6 was significantly higher than those of the model group (p > 0.05) (Figures 7, 8). However, inhibition of Tnfaip6 significantly reduced the anti-inflammatory abilities of BM-MSCs to modulate BCL-6, Foxp3, TNF-α, IL-21, and IL-10 in the colon and/or serum (Figures 7, 8).
[image: Figure 7]FIGURE 7 | Relative mRNA expression levels of BCL-6, Foxp3, IL-21, IL-10, and TNF-α determined by RT-qPCR in the colon. ap < 0.05 compared to the control group. bp > 0.05 compared to the model group. cp > 0.05 compared to the model group. dp > 0.05 compared to the control group. n ≥ 9 per group.
[image: Figure 8]FIGURE 8 | Serum concentrations of IL-21, TNF-α, IL-10, and Tnfaip6 in mice determined by ELISA. ap < 0.05 compared to the control group. bp < 0.05 compared to the model group. cp > 0.05 compared to the model group. dp > 0.05 compared to the control group n ≥ 9 per group.
Bone Marrow–Derived Mesenchymal Stem Cells–Secreted Tnfaip6 Modulates Tfh/Tfr in TNBS-Induced Colitis
Finally, we detected the percentages of Tfh and Tfr in CD4+ cells in the MLNs and spleen by flow cytometry (Figures 9, 10). The results showed that percentages of CD4+CXCR5+PD-1+ Tfh and Tfh/Tfr ratios in the MLNs and spleen of colitis mice increased significantly compared to those of normal mice (p < 0.05), while no statistical difference was found in CD4+CXCR5+Foxp3+ Tfr (p > 0.05) (Figure 11). Compared to the model group, the percentages of Tfh and Tfh/Tfr ratios in the MLNs and spleen in BM-MSCs and Tnfaip6 groups were significantly lower in the MSCs and Tnfaip6 groups (p < 0.05), while the percentages of Tfr were significantly higher (p < 0.05) (Figure 11). However, the Tfh/Tfr polarization effect of BM-MSCs was abrogated when Tnfaip6 was knocked down (Figure 11).
[image: Figure 9]FIGURE 9 | Gating strategy of Tfh and Tfr in the MLNs of mice detected by flow cytometry. Gate AC: nonadherent cells; gate F: lymphocytes; gate P: CD4+ cells; gate AN2: CD4+CXCR5+PD-1*Tth in CD4+ cells; gate A02: CD4+CXCR5+Foxp3+ Tfr in CD4+ cells; and MLNs: mesenteric lymph nodes.
[image: Figure 10]FIGURE 10 | Gating strategy of Tfh and Tfr in the spleen of mice detected by flow cytometry. Gate AC: nonadherent cells; gate F: lymphocytes; gate P: CD4+ cells: gate AN2: CD4+CXCR5+PD-1* Tth in CD4+ cells; and gate AO2: CD4+CXCR5+Foxp3+ Tfr in CD4+ cells.
[image: Figure 11]FIGURE 11 | Comparisons of Tfh, Tfr, and Tfh/Tfr in CD4+ cells in the MLNs and spleen in mice detected by flow cytometry. ap < 0.05 compared to the control group. bp < 0.05 compared to the model group. cp > 0.05 compared to the model group. dp > 0.05 compared to the control group. n ≥ 9 per group.
DISCUSSION
Clinical data support MSC transplantation as a promising approach for the treatment of IBD (Panes et al., 2016; Panes et al., 2018; Cheng et al., 2019; Shi et al., 2019), and the route of cell infusion may influence the therapeutic effect. Three injection methods commonly used in animal experiments for MSC transplantation to treat IBD were intravenous injection, intraperitoneal injection, and local injection through lesions. However, the optimal injection route for MSC transplantation in IBD animal experiments is yet controversial, and most studies have shown that intraperitoneal injection is better than intravenous injection and local lesion injection (Castelo-Branco et al., 2012; Gonçalves et al., 2014; Sala et al., 2015; Wang et al., 2016).
In this study, MSCs were injected intraperitoneal in the mouse model of IBD. The results showed that intraperitoneal injection of MSCs increased the survival rate and improved the symptoms of TNBS-induced enteritis mice, including reduced food and water intake, weight loss, rough hair, laziness, diarrhea, hematochezia, and other symptoms, and reduced the DAI score and promoted the recovery of colitis. Consistent with these findings, the results suggested that transplanting MSCs via intraperitoneal injection is effective in treating TNBS-induced colitis.
In addition, MSC transplantation has shown a good prospect in the treatment of IBD; however, the mechanisms underlying the immune regulation of MSCs on IBD are not yet elucidated. Previous studies have shown that MSCs ameliorate colitis by downregulating the pro-inflammatory cytokines TNF-α, IL-1β, IL-2, IL-6, IL-17, and IL-23; upregulating IL-4, IL-10, and other anti-inflammatory cytokines; and regulating the imbalance of T cell subsets, such as Th 1 cells, Th2 cells, Th17 cells, and Tregs (Ghannam et al., 2010; Chen et al., 2013; Yan et al., 2014; Gao et al., 2016; Fu et al., 2018; Alves et al., 2019). In addition, IBD is also closely related to the imbalance of Tfh/Tfr. Wang et al. (2017) demonstrated that circulating Tfh and serum IL-21 concentration increased, while Tfr decreased in UC patients, and the Mayo score, C-reactive protein, and the erythrocyte sedimentation rate were positively correlated with the Tfh/Tfr ratio and serum IL-21 concentration and negatively correlated with serum IL-10 concentration. Another study also found that Tfr was dysregulated in UC patients and the level of dysregulation was associated with the severity of UC (Yao et al., 2021). Our previous study found that Tfh and Tfr in the intestinal germinal center had abnormal regulation and differentiation in both UC and CD patients (Yang et al., 2020). These results indicated that the imbalance of Tfh/Tfr might shift the immune balance from tolerance to a responsive state, contributing to the pathogenesis of IBD. However, whether MSCs can modulate Tfh/Tfr in IBD remains unclear.
Next, we focused on Tfh and Tfr alterations in colitis mice after MSC transplantation. We found that the expression level of BCL-6, the main transcription factor of Tfh, and the effector cytokine IL-21 in the colon tissue of the IBD model mice were higher than those in the normal mice. Tfh infiltration and the Tfh/Tfr ratio in the MLNs and spleen were significantly increased accompanied by a significant increase in serum pro-inflammatory factors, such as IL-21 and TNF-α concentrations, consistent with our previous results in IBD patients (Yang et al., 2020). After MSC transplantation, the levels of BCL-6 and IL-21 in the colon tissue and the infiltration of Tfh in the MLNs and spleen were decreased, accompanied by a decline in serum IL-21 and TNF-α, while Foxp3, the main transcription factor of Tfr, and the effector cytokine IL-10 in colon tissue significantly increased, Tfr in the MLNs and spleen also increased significantly, the ratio of Tfh/Tfr decreased, and the serum IL-10 concentration increased significantly. These results suggested that MSCs improve colitis by inhibiting Tfh-mediated immune response and promoting Tfr differentiation, regulating the imbalance of the Tfh/Tfr ratio.
Previously, the studies attributed the therapeutic effect of MSCs to their migration, localization, and differentiation to target tissues to replace the damaged cells (Komori et al., 2005; Hayashi et al., 2008). While many stem cell transplantation studies have shown that the number of MSCs reaching target tissues is limited (Sala et al., 2015), the biologically active substances secreted by MSCs and cell-free–conditioned medium showed similar functions in various diseases (Monsel et al., 2016; Mardpour et al., 2019; Zhou et al., 2019). These results suggested that the immunomodulatory effects of MSCs are not related to the tissue homing and differentiation ability but depends on the paracrine effect. Recent studies reported that MSCs exert immunomodulatory effects by secreting soluble multifunctional molecules, including prostaglandin E2, indoleamine-pyrrole 2,3-dioxygenase, transforming growth factor-β, and Tnfaip6 (Li and Hua 2017; Zhou et al., 2019; Song et al., 2020). Among these, Tnfaip6 plays a key role in several immune diseases, such as type 1 diabetes, arthritis, and IBD (Mindrescu et al., 2000; Kota et al., 2013; Sala et al., 2015; Song et al., 2018). Tnfaip6 can be upregulated by MSCs under the stimulation of inflammatory signals, and then mediate a variety of immune regulatory functions of MSCs by binding to a large array of ligands (Day and Milner 2019). Subsequent studies found that in IBD animal models, Tnfaip6 secreted by MSCs reduced DAI and the intestinal histopathologic score, decreased the level of pro-inflammation including IL-6, TNF-α, and IFN-γ, increased the level of anti-inflammatory molecules such as IL-10 and Foxp3, and promoted the proliferation of Tregs and M2 macrophages via the immunosuppressive function (Sala et al., 2015; Song et al., 2018).
Then, we explored the role of Tnfaip6 in the regulation of Tfh/Tfr in MSC transplantation in IBD model mice. The serum Tnfaip6 concentration of colitis mice was higher than that of the normal mice. This phenomenon was consistent with the findings of Yu et al. (2016) in IBD patients. After MSC transplantation, the serum Tnfaip6 concentration was increased further, suggesting that in the treatment of IBD by MSC transplantation, Tnfaip6 may be closely related to the outcome of IBD. The exogenous injection of Tnfaip6 replicated the efficacy both clinically and histologically. In terms of immune regulation, intraperitoneal injection of recombinant mouse Tnfaip6 also reduced the infiltration of Tfh, increased Tfr, adjusted the imbalance of Tfh/Tfr ratios in the MLNs and spleen, and reduced inflammation, while MSCs failed to attenuate colitis or regulate the imbalance of the Tfh/Tfr ratio when Tnfaip6 was knocked down. These results supported the crucial role of Tnfaip6 in MSC therapeutic and immunomodulatory effects.
In summary, this study provides new evidence on the immune regulation of MSCs to modulate Th cells in IBD, inhibiting Tfh differentiation, promoting the expansion of Tfr, improving the imbalance of the Tfh/Tfr ratio, and reducing the inflammatory response. Our findings also revealed that this immunoregulation of MSCs is mediated by the release of Tnfaip6. This study might provide a new theoretical basis for further research on the pathogenesis and clinical treatment of IBD. Thus, altered Tfh/Tfr imbalance may be a potential therapeutic target for IBD, while Tnfaip6 might also be expected to become an alternative treatment option for MSC transplantation in IBD in the future.
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Objective: The mechanism of CD4+ T-cell dysfunction in systemic lupus erythematosus (SLE) has not been fully understood. Increasing evidence show that long noncoding RNAs (lncRNAs) can regulate immune responses and take part in some autoimmune diseases, while little is known about the lncRNA expression and function in CD4+ T of SLE. Here, we aimed to detect the expression profile of lncRNAs in lupus CD4+ T cells and explore the mechanism that how lincRNA00892 in CD4+ T cells is involved in the pathogenesis of SLE.
Methods: The expression profiles of lncRNAs and mRNAs in CD4+ T cells from SLE patients and healthy controls were detected by microarray. LincRNA00892 and CD40L were chosen for validation by quantitative real-time PCR (qRT-PCR). Coexpression network was conducted to predict the potential target genes of lincRNA00892. Then lincRNA00892 was overexpressed in normal CD4+ T cells via lentivirus transfection. The expression of lincRNA00892 was detected by qRT-PCR. The expression of CD40L was detected by qRT-PCR, western blotting, and flow cytometry, respectively. The expression of CD69 and CD23 was measured by flow cytometry. The secretion of IgG was determined by enzyme-linked immunosorbent assay (ELISA). The proteins targeted by lincRNA00892 were measured by RNA pulldown and subsequent mass spectrometry (MS). The interaction between heterogeneous nuclear ribonucleoprotein K (hnRNP K) and lincRNA00892 or CD40L was detected by RNA immunoprecipitation (RIP) assay.
Results: A total of 1887 lncRNAs and 3375 mRNAs were found to be aberrantly expressed in CD4+ T cells of SLE patients compared to healthy controls. LincRNA00892 and CD40L were confirmed to be upregulated in CD4+ T cells of SLE patients by qRT-PCR. The lncRNA–mRNA coexpression network analysis indicated that CD40L was a potential target of lincRNA00892. Overexpression of lincRNA00892 enhanced CD40L protein levels while exerting little influence on CD40L mRNA levels in CD4+ T cells. In addition, lincRNA00892 could induce the activation of CD4+ T cells. Furthermore, lincRNA00892 led to the activation of B cells and subsequent secretion of IgG in a CD4+ T-cell–dependent manner. Finally, hnRNP K was found to be among the proteins pulled down by lincRNA00892, and hnRNP K could bind to lincRNA00892 or CD40L directly.
Conclusion: Our results showed that the lncRNA expression profile was altered in CD4+ T cells of SLE. LincRNA00892 possibly contributed to the pathogenesis of SLE by targeting hnRNP K and subsequently upregulating CD40L expression to activate CD4+ T and B cells. These provided us a potential target for further mechanistic studies of SLE pathogenesis.
Keywords: systemic lupus erythematosus, CD4+ T cells, B cells, long noncoding RNA, CD40L, heterogeneous nuclear ribonucleoprotein K
INTRODUCTION
Systemic lupus erythematosus (SLE) is a systemic autoimmune disease, characterized by the production of autoantibodies against a wide range of self-antigens, resulting in inflammation and organ damage (Rahman and Isenberg, 2008). Although the etiology of SLE remains to be elucidated, accumulating studies have indicated that dysfunction of CD4+ T cells is crucial in the onset and development of SLE by facilitating lymphocytic organ infiltration and promoting B cells in producing autoantibodies that eventually lead to tissue injury (Enghard et al., 2009; Engler et al., 2011; Weinstein et al., 2012).
CD40L (also known as CD154), a member of the tumor necrosis factor superfamily, is a co-stimulator primarily expressed on activated CD4+ T cells (Lederman et al., 1992). It interacts with CD40, which is expressed on antigen-presenting cells (APCs), such as B cells, to provide the co-stimulatory signal of T-cell activation, thus facilitating the activation of T cells. In addition, the interaction between CD40L and CD40 can promote CD4+ T-cell–dependent B-cell maturation, activation, and function (Lederman et al., 1994; Cleary et al., 1995). Multiple research studies have revealed that the dysregulation of CD40L was associated with many diseases, including inflammatory responses, autoimmune diseases, and immune deficiency diseases (Elgueta et al., 2009; Liao et al., 2012). As a characteristic autoimmune disease, the pathogenesis of SLE is associated with the dysregulation of CD40L as well, since CD40L was reported to be overexpressed on T cells from both lupus-prone mice and SLE patients. In addition, CD40L-transfected normal T cells were found to induce B-cell activation, plasma cell differentiation, and subsequent IgG production, and such induction can be reversed by anti-CD40L antibody (Lettesjo et al., 2000; Lu et al., 2007; Zhou et al., 2009). Moreover, the CD40L−/− New Zealand black (NZB) mice showed a significantly decreased level of IgG autoantibodies and attenuated kidney injury (Pau et al., 2011). Therefore, CD40L serves as a potential target for SLE therapy. Dapirolizumab, a newly developed anti-CD40L antibody, showed a trend to ameliorate disease activity, such as hematuria, proteinuria, complement and dsDNA antibody levels. It is being evaluated in phase II clinical trials for SLE treatment (Narain and Furie, 2016; Touma and Gladman, 2017).
Long noncoding RNAs (lncRNAs) are a new mechanism of epigenetic regulation, which has attracted great interest in recent years. LncRNAs are more than 200 nucleotides in length and are involved in diverse biological processes. Dysregulation of lncRNAs was found to have relevance to many human diseases ranging from neurological disorders to various cancers (Faghihi et al., 2008; Gupta et al., 2010; Johnson, 2012; Pan et al., 2016). LncRNAs were also found to play important roles in regulating immune responses, including immune cell development, such as T lymphocytes (Sigdel et al., 2015). Emerging evidence suggested that lncRNA dysregulation might play a key role in autoimmune diseases such as SLE. Growth arrest–specific transcript, also known as Gas5, was found to link with increased susceptibility to SLE in mouse models (Haywood et al., 2006). LincRNA0949 and LincRNA0597 were identified to be significantly decreased in peripheral blood mononuclear cells (PBMCs) from SLE patients compared to those from rheumatoid arthritis patients and healthy controls (Wu et al., 2015). In addition, lncRNA NEAT1 was shown to be involved in the TLR4-mediated inflammatory process and contribute to the production of a number of cytokines and chemokines by regulating the MAPK signaling pathway in SLE patients (Zhang et al., 2016). However, little is known about the expression and function of lncRNAs in CD4+ T of SLE. LincRNA00892, a long intergenic noncoding RNA that locates in Xq26.3, contains 2886 nucleotides and 3 exons. It has not been reported to be associated with any diseases yet.
In our present study, we aimed to identify differentially expressed lncRNAs and mRNAs between CD4+ T cells of SLE patients and healthy controls by lncRNA and mRNA coexpression microarray. In addition, we aimed to detect how lincRNA00892 contributes to the pathogenesis of SLE by regulating the expression of CD40L in CD4+ T cells.
MATERIALS AND METHODS
Subjects
In the lncRNA and mRNA coexpression microarray, peripheral blood samples were from 6 female patients (mean age 32 ± 9.8 years, range from 24 to 45 years) diagnosed with SLE according to the classification criteria of the American College of Rheumatology (Hochberg, 1997), and 6 female age-matched healthy controls. Disease activity of SLE patients was determined by the systemic lupus erythematosus disease activity index (SLEDAI) score, and the median score was 15 (range from 9 to 19). In the subsequent validation experiment, peripheral blood samples were taken from 36 SLE patients (32 females and 4 males, mean age 30 ± 12.6 years, range from 13 to 66 years), with a median SLEDAI score of 10.7 (range from 2 to 22) and 28 age- and sex-matched healthy controls. In the mechanism study, peripheral blood samples were taken from healthy controls, which were different from microarray and qRT-PCR validation experiments. This study was approved by the Independent Ethics Committee of Huashan Hospital, and written informed consents were obtained from all subjects ((2014) ethical review (No.025)).
Separation of CD4+ T Cells and B Cells
PBMCs were isolated from peripheral blood samples by Ficoll-Hypaque (Sigma Aldrich, United States) density gradient centrifugation (Eppendorf, Germany). CD4+ T or B cells were isolated by positive selection using CD4 or CD19 magnetic beads (Miltenyi Biotec, Germany) according to the manufacturer’s instructions. Purity was evaluated by flow cytometry (purity≥ 90%, data not shown; Life technology, United States).
RNA Extraction and Purification
Total cellular RNA was extracted using TRIzol reagent (Life technologies, United States) following the manufacturer’s instructions. The integration was checked by an Agilent Bioanalyzer 2100 (Agilent technologies, United States). Qualified total RNA was further purified by an RNeasy micro kit (QIAGEN, Germany) and RNase-Free DNase Set (QIAGEN) according to the manufacturer’s instructions.
LncRNA and mRNA Microarray
The human 4x180k long noncoding RNA array (Agilent technologies) that included 63431 lncRNA and 39887 mRNA probes was used to determine the expression profiles of both lncRNAs and mRNAs in CD4+ T cells of both healthy controls and SLE patients. Each array represented all long transcripts, both protein coding mRNAs and lncRNAs in the human genome. LncRNAs were collected from the authoritative data sources including NCBI RefSeq, UCSC, RNAdb, lncRNAs from the literature, and UCRs. Each transcript was represented by 1–5 probes to improve statistical confidence.
RNA Labeling and Array Hybridization
Microarray hybridization was performed by Shanghai Biotechnology Corporation (Shanghai, China). In brief, total RNA was amplified and labeled by a Low Input Quick Amp Labeling Kit with one color (Agilent technologies) following the manufacturer’s instructions. The labeled cRNAs were hybridized onto the human LncRNA array slides in a hybridization oven. After hybridization, the slides were washed in stain dishes (Thermo Shandon, United States). Then the arrays were scanned by the Agilent Scanner (Agilent technologies) with default settings. Data were extracted with Agilent Feature Extraction Software v10.7.3.1, and quantile normalization and subsequent data processing were carried out using the GeneSpring GX v11.5.1 software package (Agilent Technologies). Differentially expressed lncRNAs and mRNAs were identified through filtering with the threshold setting of fold change ≥2.0 or ≤0.5 and p value <0.5. Hierarchically clustering analysis was conducted to show the differently expressed lncRNAs or mRNAs and the relationships between these transcripts. The expression data of both lncRNAs and mRNAs have been uploaded onto the Gene Expression Omnibus (GEO), with the accession number GSE181500.
Analysis of lncRNA–mRNA Regulatory Network
To show that the lncRNAs directly regulated the expression of targeted mRNAs, we superimposed lncRNA target predictions onto the lncRNA–mRNA correlation network. Pearson correlation analysis was conducted to estimate the significance of the correlation between each pair of lncRNA and mRNA. The paired lncRNA and mRNA was included in the network when the Pearson correlation coefficient between them was more than 0.95, and the p value was less than 0.05. The resulting network was defined as an lncRNA–mRNA regulatory network and visually presented with Cytoscape v3.1.0 software. A direct connection was placed from an lncRNA to an mRNA using the solid line.
Quantitative Real-Time PCR Validation
Total RNA was extracted from CD4+ T cells of SLE patients (n = 36) and healthy controls (n = 28) using TRIzol reagent, as indicated before, and subsequently reverse-transcribed into complementary DNA (cDNA) via a PrimeScript® RT reagent kit (Takara, Japan) on an S1000™ Thermal Cycler (BioRad, United States). Then the qRT-PCR was performed via an SYBR® Premix Ex TaqTM (Takara) on a QuantStudio™ 6 Flex Real-Time PCR System (Life technology). The used primers were listed in Supplementary Table S2. All primers were purchased from BioTNT (China). The relative fold change was calculated using the 2−ΔΔCt method normalized to β-actin.
Lentivirus Preparation
The plasmid FUGW-GRK5-IRES-EGFP was used as the vector to construct the lentivirus vector containing lincRNA00892. The human genomic lincRNA00892 fragment, which was synthesized in vitro, was digested with XbaI and BamHI (NEB, United States) and then was ligated with T4 ligase (Takara). The reconstructed plasmid containing lincRNA00892 was verified with Sanger sequencing. After that, 293T cells were cotransfected with the control vector or reconstructed vector containing lincRNA00892 fragment. After 24 h or 48 h, the collected culture medium was filtered through the 0.45-um filter and subsequently incubated with PEG8000 overnight, followed by centrifugation at 4000 g at 4°C for 20 min. Finally, the lentiviruses were titrated by a Quick Titer™ Lentivirus Titer Kit (Cell Biolabs, United States) according to the manufacturer’s instruction.
Cell Culture and Lentivirus Transfection
The Jurkat cells were purchased from ATCC and cultured in RPMI 1640 medium supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin (all from Life Technologies) at 37°C in a 5% CO2 humidified incubator. For lentivirus transfection, the Jurkat cells were incubated with 5ug/ml polybrene (Sigma Aldrich) and previously prepared lentiviruses with control vector or reconstructed vector containing lincRNA00892 fragment (MOI = 50) in 1 ml of RPMI 1640 medium without FBS and penicillin/streptomycin at 37°C in a 5% CO2 humidified incubator for 12–24 h; then the culture medium with lentiviruses and polybrene was replaced by RPMI 1640 medium with 10% FBS and 1% penicillin/streptomycin. Another 48–60 h later, the Jurkat cells transfected with lentiviruses were harvested for western blotting, qRT-PCR, and flow cytometry.
The CD4+ T cells isolated from healthy controls with a purity of over 90% were cultured in 6-well plates (1×106/well) or 96-well plates (1×104/well) in OpTmizer™ CTS™ T-Cell Expansion SFM supplemented with 1% penicillin/streptomycin and 1× GlutaMAX™ Supplement (all from Life Technologies) at 37°C in a 5% CO2 humidified incubator. For lentivirus transfection, the isolated CD4+ T cells were incubated with 5 ug/ml polybrene and previously prepared lentiviruses with control vector or reconstructed vector containing lincRNA00892 fragment (MOI = 50) in 1 ml of OpTmizer™ CTS™ T-Cell Expansion SFM supplemented with 1× GlutaMAX™ Supplement at 37°C in a 5% CO2 humidified incubator for 12–24 h; then the culture medium with lentiviruses and polybrene was replaced by fresh medium (OpTmizer™ CTS™ T-Cell Expansion SFM supplemented with 1% penicillin/streptomycin and 1× GlutaMAX™ Supplement). Another 48–60 h later, the CD4+ T cells transfected with lentiviruses were harvested for western blotting, qRT-PCR, flow cytometry, and coculturing with B cells.
T-Cell and B-Cell Coculture
The B cells isolated from healthy controls with a purity of over 90% were cocultured with lentivirus-transfected CD4+ T cells in OpTmizer™ CTS™ T-Cell Expansion SFM supplemented with 1% penicillin/streptomycin and 1× GlutaMAX™ Supplement in both 6-well and 96-well plates at a ratio of 1:4 or 1:1 for 3 days. Finally, the cells in the 6-well plate were harvested for flow cytometry, and the supernatants in the 96-well plate were harvested for ELISA.
Western Blotting
The Jurkat and CD4+ T cells, transfected with lentiviruses, were lysed into RIPA lysis buffer (Beyotime biotechnology, China) and then centrifuged at 4°C at a speed of 14000 rpm for 15 min. Total amounts of 30 μg of cellular proteins were separated via electrophoresing on 10% SDS-PAGE (Beyotime biotechnology) and transferred to the polyvinylidene difluoride (PVDF) membranes (Millipore, United States). After that, the PVDF membranes were blocked with 5% nonfat milk for 1 h at room temperature, followed by an incubating step with primary antibody against CD40L (Abcam, United States) or β-actin (Abcam) overnight at 4°C. On the second day, the membranes were incubated with secondary antibody from rabbits or mice conjugated with horseradish peroxidase (HRP) at room temperature for 1 h. In the end, the bands were detected by ECL technology (Fujifilm LAS-3000, Japan). The band intensities were quantified by Quantity One Software (BioRad). β-actin was regarded as reference, and the relative expression levels were therefore calculated.
Flow Cytometry
The lentivirus transfected Jurkat cells and CD4+ T cells or cocultured CD4+ T and B cells were harvested by centrifuging at 4°C, 300 g for 10 min and subsequently washing with phosphate-buffered saline (PBS) PH7.4. Then the lentivirus-transfected Jurkat cells and CD4+ T cells were incubated with phycoerythrin (PE)-conjugated anti-human CD40L (BD Pharmingen, United States) and allophycocyanin (APC)-conjugated anti-human CD69 (BD Pharmingen) in staining buffer (PBS supplemented with 1% bovine serum albumin (BSA)) for 30 min at 4°C in the dark. The cocultured CD4+ T and B cells were incubated with APC-conjugated anti-human CD23 (BD Pharmingen) and PerCP-Cy5.5-conjugated anti-human CD19 (BD Pharmingen) for 30 min at 4°C in the dark. Next, the labeled cells were washed three times with staining buffer and resuspended in staining buffer at 1×105/200 ul. Finally, the data were obtained by a FACS system (Life technology). The data were analyzed by FlowJo software version 6.0 (Tree Star, Inc.).
Enzyme-Linked Immunosorbent Assay
The IgG levels in the supernatants of CD4+ T- and B-cell coculture system were measured using a RayBio Human IgG ELISA Kit (RayBiotech, United States), according to the instructions of the manufacturer. The antibody specific for human IgG was coated onto the 96-well plate overnight; then 100 ul of standard or sample diluted 5 times was directly added to the corresponding wells, followed by 2.5-h incubation at room temperature with gentle shaking. After 4-time washing with 1× wash solution, 100 ul of prepared biotinylated antibody was added to each well and incubated at room temperature for 1 h with gentle shaking, followed by 4-time washing. In the next step, 100 ul of the prepared streptavidin solution was added and incubated at room temperature for 45 min with gentle shaking, followed by 4-time washing. After that, 100 ul of TMB One-Step Substrate Reagent was added to each well and incubated at room temperature in the dark with gentle shaking for 30 min. Finally, 50 ul of stop solution was added to each well. The absorbance was read at 450 nm immediately by the Infinite F200 Pro microplate reader (TECAN, Switzerland).
RNA Pulldown and Mass Spectrometry
The sense and anti-sense lincRNA00892–containing T7 promoters were developed using pGEM-T Easy Vector Systems (Promega, United States) following the manufacturer’s instruction. The primers used were listed in Supplementary Table S2. The lincRNA00892 was transcribed in vitro with the help of T7 RNA polymerase (Roche, Switzerland) and labeled with biotin using Biotin RNA labeling Mix (Roche) according to the manufacturer’s instruction. Then the biotin-labeled lincRNA00892 was incubated with streptavidin magnetic beads at 4°C overnight. The biotinylated lincRNA00892–streptavidin magnetic beads mixture was incubated with the cell lysates containing about 1 mg of protein at room temperature for 1 h to capture the proteins. After 3-time washing, the RNA–bead–protein mixture was electrophoresed on SDS-PAGE and stained in Janesen. The gels showed significant differences in silver staining were took out and subjected to MS.
RNA-Binding Protein Immunoprecipitation
RIP assay was conducted to determine the interaction between heterogeneous nuclear ribonucleoprotein K (hnRNP K) and lincRNA00892 or CD40L using an EZ-Magna RIP Kit (Millipore) following the manufacturer’s instruction. In brief, 1×107 CD4+ T cells isolated from healthy controls were lysed in RIPA buffer overnight and centrifuged at 14000 rpm at 4°C for 10 min to collect the supernatants. The beads were incubated with 5 μg of anti-hnRNP K, anti-SNRNP70 (positive control), or IgG (negative control) antibodies at room temperature for 30 min. Then the mixtures were washed with RIP wash buffer and resuspended in 860 μL of RIP wash buffer, 35 μL of 0.5 M EDTA, 5 μL of RNase inhibitor, and 100 μL of protein supernatants. Next, the protein–bead–antibody mixtures were incubated at 4°C overnight followed by 6-time washing with RIP wash buffer. The RNA was eluted from the protein–bead–antibody mixtures and reverse-transferred into cDNA. Finally, the coprecipitated lincRNA00892 or CD40L from the protein–bead–antibody mixtures was measured by qRT-PCR. The primers used were listed in Supplementary Table S2.
Statistical Analysis
All the results were expressed as mean ± standard deviation. Statistical analysis was done with Student’s t-test for comparison of two groups, and analysis of variance for multiple comparisons. Differences with p < 0.05 were considered statistically significant. The statistical significance of microarray result was analyzed by fold change and Student’s t-test. The threshold value we used to screen differentially expressed lncRNAs and mRNAs is set as a fold change ≥2.0 or ≤0.5 (p < 0.05).
RESULTS
Differentially Expressed lncRNAs and mRNAs in CD4+ T Cells of SLE Patients
To profile differentially expressed lncRNAs, we performed a genome-wide analysis of lncRNA and mRNA expressions in CD4+ T cells from 6 SLE patients and 6 healthy controls and found that 1887 lncRNAs were differentially expressed between SLE patients and healthy controls (Supplementary Figure S1A). Among them, 1083 lncRNAs were upregulated, and 804 lncRNAs were downregulated in CD4+ T cells from SLE patients as compared to those from healthy controls (Supplementary Figure S1B).
Using the same data as before, we identified 3375 mRNAs to be significantly and differentially expressed in CD4+ T cells from SLE patients as compared to healthy controls (Supplementary Figure S1C), of which 1438 mRNAs were upregulated and 1937 mRNAs were downregulated (Supplementary Figure S1D).
LincRNA00892 and CD40L were both upregulated in CD4+ T cells from SLE patients. Among the 1887 lncRNAs identified by our genome-wide analysis, we chose lncRNA CUST124090 which was then proved to be lincRNA00892 to further investigate the molecular mechanisms that how it contributes to the pathogenesis of SLE. As revealed in the genome-wide analysis and subsequent qRT-PCR validation, we found that the expression of lincRNA00892 was much higher in SLE patients (n = 36) than healthy controls (n = 28) (p < 0.05, Figures 1A,B). Coexpression network analysis indicated that CD40L was a potential target of lincRNA00892 (Figure 1E). Moreover, lincRNA00892 was shown to be closely located with CD40L in chromosome X (Figure 1F). In addition, the expression levels of CD40L were proved to be upregulated in CD4+ T cells of SLE patients by our microarray and qRT-PCR validation in samples from 36 SLE patients and 28 healthy controls as well (p < 0.05, Figures 1C,D). Therefore, we hypothesized that lincRNA00892 contributed to the pathogenesis of SLE via mediating the expression of CD40L and subsequently activating CD4+ T and B cells.
[image: Figure 1]FIGURE 1 | LncRNA CUST124090 (lincRNA00892) and CD40L were upregulated in CD4+ T cells of SLE patients. (A) Hierarchically clustered heatmaps of some lncRNAs that were upregulated in CD4+ T cells in SLE patients (n = 6) as compared to healthy controls (n = 6). (B) qRT-PCR was used to verify the expression of lincRNA00892 in CD4+ T cells of SLE patients (n = 36) and healthy controls (n = 28). (C) Hierarchically clustered heatmaps of some mRNAs that were upregulated in CD4+ T cells of SLE patients (n = 6) as compared to healthy controls (n = 6). (D) qRT-PCR was performed to detect the expression of CD40L in CD4+ T cells of SLE patients (n = 36) and healthy controls (n = 28). (E) Coexpression network analysis of some lncRNAs and predicted targeted mRNAs. (F) The location of both lincRNA00892 and CD40L in chromosome X. **p < 0.01, *p < 0.05. The results are expressed as mean ± standard deviation. Student’s t-test was used for comparison of two groups.
LincRNA00892 Promoted the Expression of CD40L in Both Jurkat and Primary CD4+ T Cells
As shown in Figure 2A, lentiviruses with control vector or reconstructed vector containing lincRNA00892 fragment were successfully transfected into both Jurkat and primary normal CD4+ T cells, since the expression of lincRNA00892 in both Jurkat and primary CD4+ T cells transfected with lentivirus with lincRNA00892 fragment was proved to be much higher than expression of those transfected with control vectors by qRT-PCR (p < 0.05, Figure 2A). Then we found significantly increased protein levels of CD40L when lincRNA00892 was overexpressed in both Jurkat and primary CD4+ T cells (p < 0.05, Figures 2C,D), while no significant difference was found in the mRNA levels of CD40L between control and lincRNA00892 overexpression groups (p > 0.05, Figure 2B). These results indicated that lincRNA00892 might mediate CD40L expression in a posttranscriptional way.
[image: Figure 2]FIGURE 2 | LincRNA00892 enhanced CD40L expression in Jurkat and primary CD4+ T cells. (A), (B): The expression of lincRNA00892 (A) and CD40L (B) in Jurkat and primary CD4+ T cells transfected with lentiviruses with control vector or vector containing the lincRNA00892 fragment was defined by qRT-PCR. (C) The protein levels of CD40L in the negative control and lincRNA00892 overexpression group in both Jurkat and primary CD4+ T cells were confirmed by western blotting. (D) The level of CD40L expressed on the surface of both Jurkat and primary CD4+ T cells in both negative control and lincRNA00892 overexpression group were performed by flow cytometry. NC = negative control, OE = overexpression, NS = no statistical difference. **p < 0.01, *p < 0.05. The results are expressed as mean ± standard deviation. Student’s t-test was used for comparison of two groups.
LincRNA00892 Activated CD4+ T Cells and Subsequently Activated Primary B Cells in a CD4+ T-Cell–Dependent Manner
As we know, CD40L is a co-stimulator mainly expressed on active T cells and promotes T-cell activation and T-cell–dependent B-cell maturation, activation, and function. Since overexpression of lincRNA00892 in normal CD4+ T cells was revealed before to increase the expression of CD40L, we decided to determine whether overexpression of lincRNA00892 could activate T cells. We examined the expression levels of CD69 (a marker of T-cell activation) on the surface of both Jurkat and primary normal CD4+ T cells by flow cytometry and found that CD69 levels were much higher in the lincRNA00892 overexpression group than in the control group (p < 0.05, Figure 3A). Next, we explored whether lincRNA00892 could promote the activation and secretion of IgG by B cells in a CD4+ T–B-cell coculture system. We found that the expression of CD23 (a marker of B cell activation) on the surface of B cells was much higher in normal B cells, which were cocultured with CD4+ T cells transfected with lentivirus with lincRNA00892 fragment at a ratio of 1:1 or 1:4 for 3 days (p < 0.05, Figure 3B). Furthermore, the IgG levels secreted by B cells cocultured with lincRNA00892-overexpressed CD4+ T cells were much higher than those from B cells cocultured with control vector–transfected CD4+ T cells (p < 0.05, Figure 3C). Thus, we concluded that overexpression of lincRNA00892 was able to activate CD4+ T cells and subsequently promote the activation and IgG secretion of B cells in a CD4+ T-cell–dependent manner.
[image: Figure 3]FIGURE 3 | LincRNA00892 promoted the activation of CD4+ T cells and subsequent activation of B cells. (A) The CD69 levels expressed on the surface of both Jurkat and primary CD4+ T cells in negative control and lincRNA00892 overexpression groups were measured by flow cytometry. (B) The CD23 levels expressed on the surface of B cells cocultured with primary CD4+ T cells transfected with control vector or vector containing lincRNA00892 fragment were confirmed by flow cytometry. (C) The primary CD4+ T cells that transfected with control vector or vector that containing lincRNA00892 fragment were cocultured with B cells at a ratio of 1:1 or 4:1 for 3 days. The levels of IgG secreted by B cells were determined by ELISA. NC = negative control, OE = overexpression. **p < 0.01, *p < 0.05. The results are expressed as mean ± standard deviation. Student’s t-test was used for comparison of two groups.
LincRNA00892 Mediated CD40L Expression by Directly Binding to Heterogeneous Nuclear Ribonucleoprotein K in CD4+ T Cells
Given that lncRNAs could function by recruiting and interacting with RNA-binding proteins (Zhang et al., 2017), we tried to identify lincRNA00892-interacting proteins by the RNA pulldown assay and subsequent MS. As shown in Figure 4A, distinct bands were found between sense and anti-sense lincRNA00892. The differently expressed proteins were identified by MS (Supplementary Table S1). HnRNP K is an RNA-binding protein (RBP) that plays an important role in posttranscriptional regulation which lncRNAs are usually involved in (Pereira et al., 2017). We hypothesized that lincRNA00892 regulated CD40L expression by recruiting and binding to hnRNP K. We confirmed the distinct hnRNP K expression in sense and anti-sense lincRNA00892 by western blotting (Figure 4B). In order to further verify our hypothesis, RIP was conducted to confirm the interaction between hnRNP K and lincRNA00892 or CD40L. As shown in Figure 4C, both lincRNA00892 and CD40L mRNA were enriched by hnRNP K antibody as compared to negative control (IgG) in primary normal CD4+ T cells, indicating that lincRNA00892 recruited hnRNP K to regulate CD40L expression through a posttranscription way.
[image: Figure 4]FIGURE 4 | LincRNA00892 mediates CD40L expression by targeting hnRNP K in primary CD4+ T cells. (A) RNA pulldown assay was used to identify the proteins interacted with lincRNA00892. Silver staining of the proteins pulled down by lincRNA00892. (B) The expression of hnRNP K in the gel pulled down by control, sense, and anti-sense lincRNA00892 was confirmed by western blotting. (C) The interaction between hnRNP K and lincRNA00892 (up) and CD40L (down) was identified by RIP. IgG was used as the negative control. **p < 0.01, *p < 0.05. The results are expressed as mean ± standard deviation. Student’s t-test was used for comparison of two groups.
DISCUSSION
Increasing evidence has pointed to the critical regulatory roles of lncRNAs in immune cellular biological processes including T lymphocyte differentiation and activation in recent years. Genome-wide expression analyses revealed the presence of hundreds of lncRNAs in CD8+ T cells from human and mouse spleens (Pang et al., 2009). T-cell–expressed lncRNA–Tmevpg1 has antiviral activity by promoting the release of IFN-γ (Mourtada-Maarabouni et al., 2008). LncRNA GAS5 can regulate T-cell growth (Jones and Flavell, 2005). After activation, CD4+ T cells can express lncRNA-NTT (Vigneau et al., 2003) or lncRNA-BI (Liu et al., 1997). It has also been demonstrated that Lnc-DC, a specific regulator of dendritic cell (DC) differentiation and function, may have a potential role in clinical diseases involving DC dysfunction and may have an influence on the activation of the CD4+ T-cell response (Shirasawa et al., 2004). In addition to the biological regulation of lncRNAs on immune systems, several studies have also shown that abnormal expressions of lncRNAs may play a pivotal role in some autoimmune diseases, including SLE (Haywood et al., 2006; Wu et al., 2015; Zhang et al., 2016).
In our present work, we first explored the lncRNA and mRNA expression profiles in CD4+ T cells of SLE patients and healthy controls using microarray technology. From these microarray data, we found that 1887 lncRNAs and 3375 mRNAs were differentially expressed in lupus CD4+ T cells compared to the healthy controls. Among these lncRNAs, 1083 lncRNAs were upregulated, and 804 lncRNAs were downregulated.
LincRNA00892 is a long intergenic noncoding RNA that is located in Xq26.3. It has not been reported to be associated with any physiological or pathological processes yet. In our present study, we first found that lincRNA00892 was upregulated in SLE patients as compared to healthy controls, indicating that it might participate in the pathogenesis of SLE. CD40L is a co-stimulator expressed on active T cells which facilitates T-cell–dependent B-cell activation, maturation, and function. It has been reported to contribute to the onset and development of SLE. In accordance with these findings, our genome-wide analysis of mRNA expressions in CD4+ T cells and subsequent qRT-PCR validation of microarray results both revealed that CD40L was significantly upregulated in SLE patients, indicating it as a pathogenic factor in SLE. In addition, in the coexpression network analysis, CD40L was predicted to be a potential direct target of lincRNA00892. It is highly possible that lincRNA00892 contributes to the pathogenesis of SLE via upregulating CD40L and subsequently activating T cells and B cells. In accordance with this hypothesis, we revealed that overexpression of lincRNA00892 could upregulate the expression of CD40L and activate CD4+ T cells. In addition, lincRNA00892 overexpression activated B cells and promoted the IgG secretion in a CD4+ T-cell–dependent manner. Therefore, we came to the conclusion that lincRNA00892 might be involved in SLE through inducing the expression of CD40L and subsequently activating CD4+ T and B cells.
As indicated before, lncRNA is a newly discovered mechanism of epigenetic regulation with a length of over 200 bp and cannot code any protein (Curtale and Citarella, 2013). Some lncRNAs are reported to play an important role in gene imprinting, activation, and repression (Ponting et al., 2009; Engreitz et al., 2013; Maass et al., 2014; Yang et al., 2015). Some lncRNAs are revealed to play a pivotal role in the transcription level via binding to certain DNA or protein to regulate the localization of transcription factors and subsequent transcript elongation (Ponting et al., 2009; Wang et al., 2011; Vance and Ponting, 2014). In addition, some lncRNAs play an essential role in the posttranscriptional processes, such as alternative splicing, RNA editing, transport, degradation, and translation (Tripathi et al., 2010; Mourtada-Maarabouni and Williams, 2013; Shi et al., 2013). In our present study, we found that the protein levels of CD40L were significantly upregulated in both Jurkat and primary normal CD4+ T cells that overexpressed lincRNA00892, while the mRNA levels of CD40L showed no difference. Therefore, we deduced that lincRNA00892 played an important role in the posttranscriptional regulation of CD40L. To further confirm the regulation of lincRNA00892 on CD40L expression, the RNA pulldown assay and subsequent MS were conducted. However, CD40L was not among the proteins bound to lincRNA00892 directly. Therefore, other factors might be involved in the regulation of CD40L expression by lincRNA00892.
HnRNPs are a series of RBPs that bind to newly formed transcripts in the nucleus to assist the transcription, stabilization, and translation of mRNA, thus regulating gene expression (Dreyfuss et al., 1993; Geuens et al., 2016). Recently, they have been reported to interact with lncRNAs to contribute to various pathogenic disorders, such as tumorigenesis (Zhu et al., 2019). Geng et al. revealed that lncRNA PSTAR could bind to hnRNP K to enhance its SUMOylation, thus strengthening the interaction between hnRNP K and p53 to promote the accumulation and transactivation of p53 (Qin et al., 2020). LncRNA CASC11 was demonstrated to target hnRNP K to activate WNT/β-catenin signaling in colorectal cancer cells (Zhang et al., 2016). In accordance with these findings, we found that lincRNA00892 could bind to hnRNP K directly. CD40L was also reported to be regulated by different hnRNPs, such as hnRNP L, at the translational level (Hamilton et al., 2008; La Porta et al., 2016). As an important member of the hnRNP family, hnRNP K has multiple roles in mediating the transcription, splicing, mRNA silencing, mRNA stabilization, and translation (Habelhah et al., 2001; Stains et al., 2005; Fukuda et al., 2009; Cao et al., 2012; Fan et al., 2015). However, the role of hnRNP K in the regulation of CD40L expression remains unclear. In our present study, we revealed that hnRNP K could bind to CD40L directly. Therefore, we concluded that lincRNA00892 mediated CD40L expression by enrolling hnRNP K to bind to CD40L and subsequently mediate CD40L expression at the posttranscriptional level in primary CD4+ T cells. Sincerely, more research studies are needed to further figure out how hnRNP K regulates CD40L expression at the posttranscription level.
In conclusion, we identified a series of new SLE-associated lncRNAs, including lincRNA00892. Our mechanism study demonstrated that lincRNA00892 was involved in the pathogenesis of SLE via mediating the expression of CD40L and subsequent activation of CD4+ T and B cells. In addition, we found that lincRNA00892 mediated CD40L expression through enrolling hnRNP K to bind to CD40L, thus regulating the translation of CD40L.
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Background: Although low-grade glioma (LGG) has a good prognosis, it is prone to malignant transformation into high-grade glioma. It has been confirmed that the characteristics of inflammatory factors and immune microenvironment are closely related to the occurrence and development of tumors. It is necessary to clarify the role of inflammatory genes and immune infiltration in LGG.
Methods: We downloaded the transcriptome gene expression data and corresponding clinical data of LGG patients from the TCGA and GTEX databases to screen prognosis-related differentially expressed inflammatory genes with the difference analysis and single-factor Cox regression analysis. The prognostic risk model was constructed by LASSO Cox regression analysis, which enables us to compare the overall survival rate of high- and low-risk groups in the model by Kaplan–Meier analysis and subsequently draw the risk curve and survival status diagram. We analyzed the accuracy of the prediction model via ROC curves and performed GSEA enrichment analysis. The ssGSEA algorithm was used to calculate the score of immune cell infiltration and the activity of immune-related pathways. The CellMiner database was used to study drug sensitivity.
Results: In this study, 3 genes (CALCRL, MMP14, and SELL) were selected from 9 prognosis-related differential inflammation genes through LASSO Cox regression analysis to construct a prognostic risk model. Further analysis showed that the risk score was negatively correlated with the prognosis, and the ROC curve showed that the accuracy of the model was better. The age, grade, and risk score can be used as independent prognostic factors (p < 0.001). GSEA analysis confirmed that 6 immune-related pathways were enriched in the high-risk group. We found that the degree of infiltration of 12 immune cell subpopulations and the scores of 13 immune functions and pathways in the high-risk group were significantly increased by applying the ssGSEA method (p < 0.05). Finally, we explored the relationship between the genes in the model and the susceptibility of drugs.
Conclusion: This study analyzed the correlation between the inflammation-related risk model and the immune microenvironment. It is expected to provide a reference for the screening of LGG prognostic markers and the evaluation of immune response.
Keywords: low-grade glioma, inflammatory response, prognosis, immune infiltration, drug sensitivity
INTRODUCTION
Glioma is the most common primary malignant tumor of the central nervous system, and its rate of fatality and disability are both high (Lapointe et al., 2018; Ferlay et al., 2019). Low-grade glioma is classified into grade II and grade III with isocitrate dehydrogenase (IDH) mutations according to the WHO histopathological grading system (De Blank et al., 2020). Although its prognosis is relatively better than that of high-grade gliomas, nearly 70% of LGG patients, during the period of occurrence and development, are prone to transition to high-grade gliomas (HGGs), which express the characteristics such as higher malignant degree and stronger invasiveness (Appolloni et al., 2019; Huang, 2019; Nejo et al., 2019; Youssef and Miller, 2020). At present, the main clinical treatments for LGG include surgical resection, radiotherapy, and chemotherapy. However, the existing treatments still fail to significantly improve the survival rate of patients. It is well known that cancer is closely related to inflammation. Rudolf Virchow et al. regarded inflammation as a possible driver of tumorigenesis through “lymphatic reticular infiltration,” and the inflammatory cells and cytokines in tumor contributed to the growth, progression, and immunosuppression of cancer (Bergamin et al., 2015; Lepore et al., 2018). Inflammation is one of the characteristics of tumors, and uncontrollable inflammation is closely related to the occurrence, development, invasion, and metastasis of tumors (Singh et al., 2017). The growth of tumors depends not only on the genetic changes of malignant tumor cells but also on the changes in the tumor microenvironment, such as matrix, blood vessels, and infiltrating inflammatory cells, and it is immunity and inflammation that constitute the two cores of the tumor microenvironment (Chen and Mellman, 2017; Suarez-Carmona et al., 2017). In recent years, increasing evidence has shown that tumor-related inflammation can advance tumor growth and progression by promoting angiogenesis and metastasis, subverting antitumor immune responses, and changing the sensitivity of tumor cells to chemotherapeutics (Khandia and Munjal, 2020). Cytokines, which are produced by chronic inflammation, induce gene mutations, change the expression and transformation of oncogenes and tumor suppressor genes, inhibit cell apoptosis, evoke angiogenesis, and result in abnormal inflammatory signal transduction pathways. In addition, chronic inflammation can recruit a variety of immunosuppressive cells (such as M2-TAMs, MDSC, and Treg) to facilitate the establishment of immunosuppressive tumor microenvironment and accelerate the occurrence of the tumor malignant biological behavior (Whiteside, 2018; Zhang et al., 2019; Weber et al., 2021). Therefore, it is of great significance to effectively control chronic inflammation in the process of inhibiting tumor occurrence and enhancing antitumor immune response. It is this idea that is the starting point of this article to carry out research, hoping to provide a certain reference for related research on tumor inflammation and immunity.
Some studies have shown that inflammatory media, which contain human leukocyte antigen-G, CD8 T cells, IL-1beta, IL-6, TAM, the S100A family and so on, are having high expression in the high-risk group (Bloch et al., 2013; Kelly et al., 2020). It is seen that the proliferation, deterioration, and prognosis of glioma are closely linked with the inflammatory microenvironment. Currently, some inflammatory response–related genes were reported to predict the metastasis potential of LGG, but further utilization in the prognosis of LGG remains to be studied. In addition, the integrity of the blood–brain barrier of glioma is easily destroyed with the help of pathological conditions, which provide opportunities for immune-related cell infiltration and recognition (Cserr et al., 1992; Davies, 2002; Goldmann et al., 2006). It has laid a theoretical foundation for developing immunotherapy in LGG. Therefore, it is necessary to establish an inflammatory factor–related model derived from LGG samples to scientifically predict its prognosis.
In this study, we downloaded the transcriptome gene expression data and corresponding clinical data of LGG patients from public databases. Then, we constructed a prognostic model using differentially expressed genes related to inflammation in the TCGA database, and verified the accuracy of the model in predicting the survival of LGG patients through the ROC curve. Then, we further conducted a functional enrichment analysis to explore its potential immune mechanism. In addition, we also analyzed the relationship between the prognostic gene expression and the type of immune infiltration, and discussed the feasibility of inflammation-related risk models in predicting the immunotherapy response. Finally, we analyzed the inflammatory genes in the prognosis model and the sensitivity of drugs. Our research has discovered that some inflammation-related genes may act as early warning markers and were considered to be related to the poor prognosis of LGG, and meanwhile, we also clarified its relevance to the immune microenvironment, which may provide an important basis for the evaluation of the clinical efficacy of immunotherapy.
METHODS
Data Acquisition Extract
We downloaded transcriptional group gene expression data from the tumor samples of 529 patients with LGG through the Cancer Genome Atlas (TCGA, https://portal.gdc.cancer.gov/) database while obtaining the corresponding clinical information, including age, gender, grade, overall survival time, and survival status. We downloaded the gene expression data of 1,152 normal brain tissues in the GTEX database through the UCSC website (http://xena.ucsc.edu/). We extracted and verified the reaction-related genes: downloaded the human inflammatory response gene set from the GSEA (http://www.gsea-msigdb.org/gsea/index.jsp) database (Supplementary Tables 6, 7, and 9).
Screening of Differential Genes and Prognosis-Related Inflammation Genes
In order to obtain differentially expressed inflammation-related genes, we used the “Bioconductor Limma” R package to analyze 529 LGG tumor tissues and 1,152 normal brain tissues. If a gene satisfies the condition of | log2FC | > 2 and FDR <0.05, it was considered to be a differential inflammatory gene. In order to clarify the relationship between inflammation-related genes and the prognosis of LGG patients, based on the expression data and clinical data of tumor samples in the TCGA database, we used the “survival” R package to perform univariate Cox regression analysis on inflammation genes. A gene was considered to be a prognosis-related gene if p < 0.05.
Construction and Evaluation of Inflammatory Gene–Related Prognostic Models
In order to determine the value of inflammatory genes in evaluating the prognosis of LGG, we adopted LASSO Cox regression analysis to construct a prognostic risk model which employed the abovementioned nine prognosis-related differential inflammatory genes. The risk score is calculated using the following formula: Risk score = [image: image], In this formula, Coefi is the risk coefficient and xi is the expression of each gene. According to the median risk score, LGG patients were divided into the high-risk group and low-risk group, meanwhile drawing the risk curve and survival status chart. We employed PCA analysis by using the “ggplot2”R package to explore the distribution of genes in different groups based on the expression level of genes in the model.
Analyzing the prognostic value of the model that enables us to exploit the “survival” package and “survminer” R package to analyze the relationship between patients with different risk groups and overall survival, the survival curve was drawn. The “timeROC” R package was used to construct the receiver operating characteristic (ROC) curve to evaluate prediction efficiency. Besides, we eliminated samples with incomplete clinical information in the TCGA database, and utilized univariate and multivariate Cox regression analyses to explore the feasibility of prognostic risk models as independent prognostic markers. Finally, the relationship of LGG patients’ age, gender, and classification between the risk score of the prognostic model was clarified by means of clinical correlation analysis.
GSEA Enrichment Analysis
To illuminate the enrichment of high- and low-risk LGG sample groups in terms of the immune function, the study used gene set enrichment analysis (GSEA) and GSEA 4.1.0 software to carry out Genome Encyclopedia (KEGG) pathway enrichment analysis. We believe that when p < 0.05, this pathway is considered statistically significant.
Comprehensive Analysis of Tumor Microenvironment and Tumor Immune Correlation
With the purpose of clarifying the correlation between the inflammatory response and immune infiltration, our team first adopted the tumor immune cell infiltration score and immune-related function score for each LGG sample in the TCGA database by applying the ssGSEA method and sequentially used the “Bioconductor Limma” R package to operate the differential analysis of immune scoring and immune typing, and drew the box plot. We used the Spearman correlation test to evaluate the risk score to explore the relationship between the expression of immune checkpoints such as PD-1 and PD-L1 and the stem cell index (DNA-based DNA methylation and RNA-based RNA expression). Next, we performed an analysis of the immune score, matrix score, and comprehensive score on LGG samples in the TCGA database, using the “estimate” R package and the “Limma” R package to export a scatter chart.
Drug Sensitivity Analysis
With an aim to clarify the influence of inflammatory genes in the prognostic model on drug sensitivity and tolerance, we downloaded transcriptome data from the CellMiner database (https://discover.nci.nih.gov/cellminer/) and FDA-certified drug sensitivity–related data. The Pearson correlation test was utilized to analyze the relationship between gene expression and drug sensitivity. Next, we used the “pRRophetic” R package to analyze the relationship between the high- and low-risk groups in the prognosis model and LGG-related drugs, and draw a box plot.
Statistical Analysis
We adopt the Wilcoxon rank-sum test to analyze the gene differences between tumor tissues and normal tissues. Our group had taken the method of the LASSO Cox regression algorithm to establish a risk prognosis model, wherein the relationship between its overall survival rate in the high- and low-risk group gene expression group was used to generate the Kaplan–Meier survival curve, and the accuracy of the model was tested by the ROC curve. Univariate and multivariate Cox regression analyses were used to evaluate the feasibility of the risk score as an independent prognostic factor. The chi-square test was used to compare the differences of clinical traits between different risk groups. We used two correlation test means. One is Spearman's test which analyzed the relationship between the sample risk score and the expression of immune checkpoints, such as PD-1 and PD-L1, stem cell index, and the tumor microenvironment score. The other is Pearson's test which evaluated the correlation between the gene expression and drug sensitivity in the model. All above statistical analyses were performed using R (version 4.0.4) software. If p < 0.05, it was considered statistically significant.
RESULTS
Screening of Prognosis-Related Differential Inflammation Genes
We downloaded the human inflammatory response gene set using the GSEA database, which contained 200 inflammatory response–related genes, such as ABCA1, ABI1, and ACVR1 B. The expression levels of these inflammatory genes in LGG tissues and normal brain tissues were obtained from the TCGA database and GTEX database, and 13 differentially expressed inflammatory genes were screened. Compared with normal tissues, ABCA1, APLNR, BTG2, C3AR1, CALCRL, CD14, CYBB, HIF1A, MMP14, MYC, SELL, and SLC4A4 were upregulated in LGG tumor tissues, and SCN1B was downregulated in tumor tissues (Figure 1A). Then, we used the expression data and clinical information of LGG samples in the TCGA database for univariate COX analysis. A total of 140 inflammatory genes related to prognosis were obtained, including 21 low-risk genes and 119 high-risk genes (Figure 1B). Finally, we crossed the differentially expressed genes with prognosis-related genes and obtained 9 inflammation-related genes that can mediate prognosis and have differential expression in LGG patients (Figures 1C–E).
[image: Figure 1]FIGURE 1 | Screening of prognostic differential inflammatory genes. (A) Thermal map of all inflammatory differential gene expression in LGG tumor tissues and normal tissues. (B) Based on 200 inflammatory genes, the forest map of prognosis-related genes was screened.(C) Wayne diagram of intersection of differential genes and prognosis-related genes. (D) Thermograms of nine prognosis-related inflammatory genes. (E) Forest map of nine prognosis-related inflammatory genes.
Construction and Evaluation of a Prognostic Model of Inflammation-Related Genes
We used LASSO Cox regression analysis to analyze the significant prognostic differential inflammatory genes in the abovementioned nine univariate results, and finally identified three genes (CALCRL, MMP14, and SELL) for the construction of prognostic risk models (Figures 2A,B). At the same time, the weight coefficient of each gene was determined, and the risk score was calculated according to the following formula: Risk score = -0.195793×CALCRL+0.310011×MMP14-0.015233×SELL.
[image: Figure 2]FIGURE 2 | Construction and evaluation of prognostic model of inflammation-related genes. (A,B) LASSO Cox regression analysis screened three differentially expressed inflammatory genes and established a prognostic model. (C) Risk curve constructed according to the median of the risk score. (D) Feasibility of PCA-based analysis and judgment models. (E) Survival status of LGG patients with different risk scores. (F) Survival analysis of LGG patients in different risk groups.(G) ROC curve suggested that the model had good accuracy in predicting the 1-year, 3-year, and 5-year survival of LGG patients.
According to the median risk score, LGG patients were divided into high- and low-risk groups (Figure 2C). PCA analysis showed that patients with different risk groups were distributed in two directions, indicating that the expression of three genes in the model can effectively classify LGG patients into high- and low-risk groups (Figure 2D). The survival status scatterplot showed that the number of patients who died gradually increased with the increase in the risk value (Figure 2E). Further survival analysis showed that the overall survival time was significantly different between the high-risk group and the low-risk group, and the overall survival rate of the high-risk group was significantly lower than that of the low-risk group (p < 0.001) (Figure 2F). The ROC curve showed that the AUC values of the model for 1 year, 3 years, and 5 years were 0.870, 0.833, and 0.787, respectively, indicating that the model had high accuracy in predicting the survival of LGG patients (Figure 2G).
Independent Prognostic Analysis and Clinical Correlation Analysis
We explored the independent prognostic value of the inflammation-related gene prognostic risk model through single-factor regression analysis and multifactor regression analysis. Univariate analysis showed that age (p < 0.001), grading (p < 0.001), and risk score (p < 0.001) were significantly correlated with the overall survival rate of patients (Figure 3A). Further multivariate analysis showed that age (p < 0.001), grading (p < 0.001), and risk score (p < 0.001) were still significantly correlated with the overall survival rate of patients (Figure 3B). Therefore, we believe that the risk score of the model can be used as an independent prognostic factor for LGG. By analyzing the relationship between the risk score and clinical characteristics, we found that the risk score of LGG patients aged ≥65 years was significantly higher than that of patients aged <65 years (p < 0.01), and the risk score of patients with tumor grade 3 was significantly higher. For grade 2 patients (p < 0.001), there was no significant difference in risk scores between different genders (p > 0.05) (Figures 3C–E).
[image: Figure 3]FIGURE 3 | Independent prognostic analysis and clinical correlation analysis. (A) Single-factor Cox regression analysis of different clinical characteristics and risk scores. (B) Multivariate Cox regression analysis of different clinical characteristics and risk scores. (C–E) Differences in age, gender, and tumor grade between high- and low-risk groups.
Pathway Enrichment Analysis
We performed GSEA pathway enrichment analysis on the high- and low-risk groups, and the results showed that 64 pathways were significantly enriched in the high-risk group (false discovery rate <0.05). Among them, the statistically prominent pathways include leukocyte transendothelial migration, glutathione metabolism, regulation of actin cytoskeleton, and apoptosis (Figure 4G). Further, we conducted an in-depth analysis of immune-related pathways, and the results indicate that the immune-related pathways of this model include antigen processing and presentation, primary immunodeficiency, natural killer cell–mediated cytotoxicity, intestinal immune IGA production network, and B-cell receptor body signaling pathway and T-cell receptor signaling pathway, but failure to find statistically significant pathways was enriched in the low-risk group (Figures 4A–F).
[image: Figure 4]FIGURE 4 | GSEA pathway enrichment analysis. (A–F) Immune-related pathways that are significantly enriched in the high-risk group. (G) Top ten pathways for GSEA enrichment analysis.
Correlation Analysis of Immune Subtypes and Immune Response
We used the ssGSEA method to quantify 16 immune cell subsets and 13 immune-related functions to clarify the correlation between the risk score and immune status. We found that the infiltration of 12 immune cell subsets in the high-risk group was significantly more than that of the low-risk group (p < 0.05), including B-cells, CD8 + T cells, iDCs, pDCs, macrophages, neutrophils, T-helper cells, Tfh, Th1 cells, Th2 cells, TIL, and Tregs (Figure 5A, Supplementary Tables 6, 7, and 9). Further analysis showed that compared with the low-risk group, the scores of 13 immune functions and pathways, including APC co-inhibition, APC co-stimulation, check point, and T-cell co-inhibition, were significantly higher in the high-risk group (p < 0.05) (Figure 5B). From the abovementioned results, we can see that the immune response is more active in the high-risk group than in the low-risk group, and the poor prognosis of LGG patients in the high-risk group may be related to negative immune regulation. In order to assess the differences between LGG patients with different risk values and immunophenotyping, according to the distribution of immunophenotyping of different types of tumor samples in the TCGA database, we combined inflammatory (Immune C3), lymphocyte-depleted (Immune C4), and immunologically quiet (Immune C5) responses. Three types were included in the LGG study, and the results showed that there were significant differences between C3 and C5, and C4 and C5 (p < 0.05), and Immune C3 had the largest risk score for LGG patients, whereas considering Immune C5 in LGG patients, the risk was minimal (Figure 5C). In order to evaluate the feasibility of the inflammation-related risk model in predicting the response of immunotherapy, we conducted a correlation study between the risk score and three inhibitory immune checkpoints. The results showed that the expressions of PD-1, PD-L1, and CTLA4 were significantly upregulated in the high-risk group relative to the low-risk group, and the expressions of PD-1, PD-L1, and CTLA4 were positively correlated with the risk score (p < 0.05) (Figures 5D–I). Therefore, the abovementioned results indicate that patients in the high-risk group can benefit from immunotherapy more clinically.
[image: Figure 5]FIGURE 5 | Correlation analysis of the immune infiltration pattern. (A) Differences of immune cell subsets in high- and low-risk groups of an inflammation-related prognosis model. (B) The difference of the immune function and pathway in the high- and low-risk groups of inflammation-related prognosis models. (C) The difference between LGG patients with different risk values and immune classification. (D) The expression difference of PD-1 in LGG high- and low-risk groups. (E) Scatterplot of PD-1 correlation with the risk score. (F) Expression difference of PD-L1 in LGG high- and low-risk groups. (G) Scatterplot of PD-L1 correlation with the risk score. (H) The expression difference of CTLA4 in LGG high- and low-risk groups. (I) Scatterplot of CTLA4 correlation with the risk score.
Correlation Analysis of Tumor Microenvironment
In order to clarify the impact of tumor microenvironment on the prognosis of LGG patients, we conducted a correlation analysis of the risk score and tumor microenvironment. From the scatterplot, it can be seen that both the immune score and the matrix score are significantly positively correlated with the patient’s risk score (p < 0.001) (Figures 6A,B), which indicates that the higher the content of immune cells and stromal cells in LGG patients, the higher the patient’s risk score. The greater the risk, the shorter the survival period. Next, the results of the stem cell correlation analysis showed that the risk score of LGG patients was significantly positively correlated with the stem cell score (DNAs) (p < 0.001), and was significantly negatively correlated with the stem cell score (RNAs) (p < 0.001) (Figures 6C,D). Therefore, the risk score of this prognostic model may be closely related to the activity of cancer stem cells.
[image: Figure 6]FIGURE 6 | Correlation analysis of tumor microenvironment and stem cells. (A) Scatterplot of correlation between the immune cell score and risk score of LGG patients. (B) Scatterplot of correlation between the stromal cell score and risk score in LGG patients. (C) Scatterplot of the association between the stem cell score (DNAss) and risk score for LGG patients. (D) Scatterplot of the association between the stem cell score (RNAss) and risk score for LGG patients.
Drug Sensitivity Analysis
We obtained the top 16 drugs with the most statistically significant differences, by performing a separate drug sensitivity analysis on inflammation genes in the prognostic model. The results showed that the expression of SELL was positively correlated with the sensitivity of nelarabine, ifosfamide, bendamustine, dexamethasone Decadron, melphalan, pipobroman, and lomustine. It is indicating that the higher the expression of SELL, the stronger the sensitivity to the abovementioned drugs. The expression of MMP14 was positively correlated with the sensitivity of vemurafenib, cabozantinib, zoledronate, simvastatin, encorafenib, and dabrafenib, but it was negatively correlated with the sensitivity of dexrazoxane and palbociclib. In addition, the higher the expression of CALCRL in LGG patients, the patient’s sensitivity to imiquimod is stronger (Figure 7). In order to further improve the clinical value of inflammation-related prognosis models for the treatment of glioma, we analyzed the commonly used drugs in the clinical treatment of glioma, which include temozolomide, procarbazine, nitrosourea, vinblastine, podophyllotoxin, platinum, and molecular-targeted drugs targeting VEGF. The results showed that cisplatin, etoposide, vinorelbine, pazopanib, and sorafenib were more sensitive in the high-risk group than in the low-risk group, and axitinib was relatively weak in the high-risk group (p < 0.05) (Figures 8A–F, Supplementary Tables 3, 4, and 8).
[image: Figure 7]FIGURE 7 | Gene–drug sensitivity analysis based on the CellMiner database; the top 16 drugs with high correlation with gene expression in inflammation-related prognosis models were screened.
[image: Figure 8]FIGURE 8 | Model drug sensitivity analysis based on the “pRRophetic” R package; LGG therapeutic drugs related to inflammation-related prognosis models are screened. The drug sensitivity of (A) Cisplatin, (B) Etoposide, (C) Vinorelbine, (D) Pazopanib, (E) Sorafenib, and (F) Axitinib in High and Low Risk Groups respectively.
DISCUSSION
The immortal proliferation of glioma cells continuously breaks the balance of the stable internal environment of normal brain cells and shapes the tumor microenvironment that is characterized by an immune-inflammatory response. In recent years, many studies have shown that some inflammatory cells (such as neutrophils and macrophages), inflammatory factors (IL-8, IL-1beta, IL-6, CD8+, and CXCL16) in the inflammatory microenvironment of glioma, and related signal pathways (NF-κB and STAT-3) are closely related to the progression and prognosis of glioma (Müller et al., 2017; Albrengues et al., 2018; Greten and Grivennikov, 2019; Zha et al., 2020). The inflammatory microenvironment can provide a good material preparation for tumor cell expansion and mutation, which makes the abnormally activated inflammatory response part of the reason why the overall survival rate of LGG is still low. Therefore, it is very meaningful to carry out in-depth research on the prognosis of LGG patients from the perspective of inflammation-related factors. Although the rapid development of high-throughput sequencing in recent years has brought new hope and direction for the accurate diagnosis and prognostic judgment of LGG (Kiran et al., 2019), so far, the number of biomarkers used to predict LGG in clinical practice is poor, which limits our early diagnosis and prediction of the therapeutic effect for LGG patients. It is shown that finding reliable and effective biomarkers is of great significance to prognosis prediction and clinical treatment of LGG. It has been confirmed that new biomarkers including glycoprotein YKL-40, microRNA, 21-mRNA, lncRNA, and BRAF gene mutations have significant relevance to the prognosis of LGG (Gandhi et al., 2018; Zhang et al., 2019; Song et al., 2020; Maimaiti et al., 2021; Gluexam et al., 2019; Zhang et al., 2020). In addition, serum biomarkers related to inflammation (neutrophil–lymphocyte ratio), adipokines, immune-related gene markers, autophagy-related genes (ARGs), energy metabolism genes, and repeated mutation genes (IDH, MGMT, EGFR, and chromosome 1p/19q deletion) are important prognostic factors for LGG (Chen et al., 2021; Zhou et al., 2018; Sun et al., 2014; Vachher et al., 2020; Wang et al., 2019; Ali et al., 2021; Zheng et al., 2018; Wu et al., 2019). However, these clinical pathologic and genetic factors are not specific, and may not achieve an accurate assessment of the survival rate of LGG. Therefore, it is important to conduct more comprehensive studies to increase the prognostic and predictive accuracy of the current assessment system. This study systematically analyzed the expression of 200 inflammation-related genes in LGG tissues and their relationship with the overall survival (OS).
Thirteen differentially expressed inflammatory genes were screened from the TCGA cohort, and after single-factor Cox analysis was conducted, nine inflammatory genes were observed to be related to LGG OS. Then, a prognosis model integrating three inflammatory response–related genes was finally constructed by LASSO regression analysis. According to the median risk score, patients were divided into the high-risk group and low-risk group. We found that the high-risk group was significantly associated with higher tumor grade, advanced TNM stage, and shorter OS stage. Independent prognostic analysis showed that the risk score was an independent predictor of OS.
The prognosis model established in this study consisted of three inflammatory response–related genes (CALCRL, MMP14, and SELL), which were upregulated in LGG tumor tissues. The CALCRL gene codes the calcitonin receptor–like receptor which is a seven-transmembrane domain G-protein–coupled receptor (Larrue et al., 2021 and Angenendt et al., 2019). Its expression products are closely related to CALCRL and RAMP expressed on the cell surface by co-expression with three receptor active modification proteins (RAMPs). CALCR can act as calcitonin gene–related peptide receptor 1 (CGRP1) when co-expressed with RAMP1, and when RAMP2 or RAMP3 exists, CALCR and its formed complexes can act as an adrenomedullin (ADM) receptor (Hay et al., 2011; Russell et al., 2014). CGRP is a neuropeptide which can promote tumor-related angiogenesis and tumor proliferation by regulating the signal transduction of the downstream molecule VEGF, which plays a key role in the occurrence and development of tumors (Toda et al., 2008). In addition to having the function of vasodilation to regulate blood pressure, ADM can be used as a hypoxia regulator to avoid the death of malignant tumor cells due to hypoxia and promote tumor cell growth (Russell et al., 2014). Therefore, CALCRL mediates the occurrence and development of tumor cells such as CGRP and ADM. Relevant studies have proved that the mRNAs of CALCRL/RAMP2 and CALCRL/RAMP3 are highly expressed in glioblastoma cell lines (Metellus et al., 2011). In addition, Benes L et al. have demonstrated that CRLR is widely distributed in human gliomas of different grades; at the same time, their team revealed that the possible mechanism of CRLR in gliomas is related to its influence on the formation of blood vessels, which assists the growth of gliomas (Ouafik et al., 2002; Benes et al., 2004). However, its mechanism of action in LGG is still unclear. Based on previous studies, we suspect that CRLR in low-grade glioma may boost the occurrence and development of LGG by influencing angiogenesis-related factors. Of course, this hypothesis still needs to be verified by experiment. MMP-14 is a subfamily of the matrix metalloproteinase family (MMPs). Studies have shown that MMP-14 can be used as a prognostic marker for patients with glioma (Wang et al., 2013). And some researchers found that the mechanism of MMP14 in glioma mainly works by cutting CD44 (Kajita et al., 2001), or via the combination of TIMP-2 and MMP14 to activate MMP-2 and MMP9 to enhance tumor invasion and tumor cell proliferation (Chernov et al., 2009). In addition, it also plays an important role in angiogenesis (Ulasov et al., 2014; Chen et al., 2016; Rooprai et al., 2016). Thus, MMP-14 is extremely important in predicting the prognosis of patients with glioma. The SELL gene is a gene encoding L-selectin with the smallest relative molecular mass in the selectin family. It is mainly distributed on the surface of white blood cells, endothelial cells, and platelets. SELL plays an extremely important physiological role in the development and metastasis of tumors. Tanriverdi et al. found that compared with low-grade glioma patients, selectins (E, L, and P-selectins), leukocyte adhesion molecules (ALCAM), and platelet endothelial cell adhesion molecules-1 (PECAM-1) are highly expressed in patients with high-grade gliomas. L-selectin pushes tumor plasma cell metastasis, which may be its main mechanism in glioma (Tanriverdi et al., 2017). In addition, recent evidence suggests that L-selectin may be an important target for cancer immunotherapy. Watson et al. discovered that in the immunotherapy of adoptive T-cell carcinoma in mouse models, L-selectin, which is overexpressed in T-cells, is related to the infiltration and enhanced proliferation of T-cells in tumors and controlling the growth of the tumor to a certain extent (Watson et al., 2019). In this study, our team found that SELL is differentially expressed in LGG, which indicates that it may be closely related to the degree of immune cell infiltration in tumors.
With deeper understanding of the relationship between inflammation and tumors, in recent years, studies have found that the relationship between inflammation and the immune system of tumor cells cannot be ignored. Zong Z et al. found that the inflammatory cytokine IL-1β in liver cancer can induce PD-L1 expression through the transcription factors p65 and IRF1, which creates opportunities for tumor cells to escape the immune system (Zong et al., 2019). Zhang W et al. reported that the upregulated IL-6 in liver cancer can downregulate the O-type protein tyrosine phosphatase receptor (PTPRO) by activating JAK2/STAT3 signal transduction, resulting in high PD-L1 expression, inducing immunosuppression and promoting tumor growth (Zhang et al., 2020). These studies show that when a powerful foreign factor invades, the body needs to activate a stronger defense system–immune response, and activated immune cells will produce inflammatory factors, which can pass immune- and inflammation-related cell signaling pathways to induce tumor cells to highly express immunosuppressive signal molecules, and further induce the occurrence of tumors. This study investigated the inflammation-related risk model to predict the immunotherapy response and found that the expression of PD-1, PD-L1, and CTLA4 was significantly upregulated in the high-risk group, and the expression and risk score of PD-1, PD-L1, and CTLA4 are positively correlated. Therefore, the abovementioned results indicate that patients in the high-risk group can benefit from immunotherapy more clinically. Besides, Berghoff AS et al. reported that the pro-inflammatory cytokine IFN-γ can drive the high expression of PD-L1 in tumor cells (Berghoff et al., 2015). Bloch O et al. found that glioma promotes immune suppression by regulating IL-10 signal transduction and then upregulating the expression of B7-H1 in tumor infiltration–related macrophages, resulting in high PD-L1 expression (Bloch et al., 2013). Liu et al., 2019 showed that inflammatory factors can upregulate the expression of PD-L1/PD-1 in tumor cells to assist tumor cell immune escape and promote tumor cell proliferation (Liu et al., 2020). On these bases, our research found that based on GSEA analysis, tumor-related signaling pathways such as antigen processing and presentation, primary immunodeficiency, natural killer cell–mediated cytotoxicity, intestinal immune IGA production network, B-cell receptor signaling pathway, and T-cell receptor 64 pathways such as body signaling pathways are significantly abundant in the high-risk group, and the continuous activation of these pathways has been confirmed to be related to LGG. A total of 13 immune-related functional pathways, including APC co-inhibition, APC co-stimulation, check point, and T-cell co-inhibition, were more significant in the high-risk group; B-cells, CD8+ T-cell, iDCs, pDCs, macrophages, neutrophils, T-helper cells, Tfh, Th1 cells, Th2 cells, TIL, Tregs, and other immune cell subsets were significantly enriched in the high-risk group, further verifying that inflammation is closely related to tumor progression. The increased activity of Tfh, Th1 cells, Th2 cells, TIL, and Tregs in the high-risk group indicates that the immune regulation function of the high-risk group is disturbed, and the antitumor immunity is weakened. In addition, the proportion of macrophages, neutrophils, and Treg cells is higher in the high-risk group, indicating that their increase can promote immune invasion, which is closely related to the poor prognosis of LGG patients. In order to gain a deeper understanding of the relationship between risk scores and immune components, we examined the role of risk scores in the types of immune infiltration. We found that the high-risk score was significantly correlated with C3, whereas the low-risk score was correlated with C5, indicating that C3 promotes the occurrence and development of tumors. This finding is consistent with the results of previous studies. By blocking the PD-1/PD-L1 pathway, immune checkpoint inhibitors can relieve the tumor microenvironment’s inhibitory effect on immune cells and activate the body’s immune function to achieve antitumor effects. Immunotherapy based on immune checkpoint inhibitors has been widely used in other types of tumors. Although, so far, immunotherapy has not been approved for glioma treatment, some preclinical studies have shown its therapeutic potential. For example, a randomized trial was conducted in 35 patients with recurrent glioblastoma (GBM). The survival time of the neoadjuvant pembrolizumab group was longer than that of the adjuvant pembrolizumab group (median PFS was 2.4 and 3.3 months, and median OS was 13.7 and 7.5 months, respectively). The trials have shown the therapeutic potential of immunotherapy in the neoadjuvant treatment of GBM (Cloughesy et al., 2019). A phase II clinical trial (NCT03890952) is currently underway to evaluate PD-L1 and other immune biomarkers. It mainly compares the combination of nivolumab and bevacizumab in patients who have not undergone surgery and those undergoing surgery. It is expected that nivolumab can be obtained from recurrent GBM (Zimmer et al., 2020). Also, Hideho Okada et al. used glioma-associated antigen (GAA) immune-vaccine therapy to target and activate cytotoxic T cells (CTL) on the cell surface to treat LGG (Sanders and Debinski, 2020). Studies have confirmed GAA. It has strong specificity and good tolerance, and can effectively control the occurrence and development of LGG. Although most of the current clinical studies are mainly targeting glioblastoma with a high degree of malignancy, there are few clinical trials of immunotherapy in LGG patients, but a relatively high specific immune checkpoint has been found to effectively screen the benefits of immunotherapy. The population will be of great significance in the treatment of LGG patients and the prevention of malignant transformation and recurrence of low-grade gliomas.
It has been confirmed that inflammatory cytokines can induce epithelial–mesenchymal cell transformation (EMT) and cancer stem cell (CSC) production and related molecular regulation to establish an inseparable connection with the tumor microenvironment (Markopoulos et al., 2019). Cancer stem cells (CSCs) are often referred to as tumor-initiating cells. Due to their self-renewal ability and heterogeneity, they are the main cause of tumor resistance, recurrence, and metastasis (Scheel and Weinberg, 2012). In our study, the correlation between the prognostic gene expression and cancer stem cell score suggests that the risk score of the model composed of CALCRL, MMP14, and SELL is significantly positively correlated with the stem cell score (DNAss), suggesting that the risk of this prognostic model may be closely related to the activity of cancer stem cells. At the same time, this study clarifies that the increased expression of SELL is related to elevation in the sensitivity of cancer cells to lomustine. Lomustine is a drug containing a classical chemotherapy regimen in the guide for WHO grade II gliomas PCR regimen (promethazine + lomustine + Changchun Neobase) (Shaw et al., 2012). Therefore, the high expression of the SELL gene can predict the sensitivity of LGG patients to this drug. The expression of MMP14 is positively correlated with the sensitivity of vemurafenib. Vemurafenib is a competitive small-molecule BRAF V600E inhibitor that can act on BRAF V600E mutations in low-grade gliomas. It has been proven to be effective in treating metastasis melanoma which is prone to BRAF mutation. However, recent clinical trials have shown that the drug has good efficacy in BRAF V600E mutant malignant astrocytomas and low-grade gliomas; patients with high expression of MMP14 may predict the better curative effect of vemurafenib treatment (Del et al., 2018; Van et al., 2018). Therefore, the genes in our prognostic model can be used as targets to predict drug sensitivity.
In summary, our study has determined a new prognostic marker model composed of three inflammatory response–related genes. In the TCGC database, this model has been proven to be independently related to OS, and it has been proven to be of great significance in regulating the immune microenvironment, tumor microenvironment, and drug sensitivity. It provides a novel idea and method for LGG prognosis, immunotherapy, and drug sensitivity evaluation. However, the specific underlying mechanism between LGG inflammation–related genes and tumor immunity is still unclear, and further research is needed.
CONCLUSION
The inflammatory gene–related prediction model proposed in this study is of great significance for the screening of prognostic markers in LGG patients, especially in the exploration of immune response, tumor microenvironment, and immunotherapy sensitivity. It is expected to be the basic research and immunotherapy of LGG immunity. The choice of method provides an important reference and clinical transformation value.
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The abnormal activation of the NLRP3 inflammasome is closely related to the occurrence and development of many inflammatory diseases. Targeting the NLRP3 inflammasome has been considered an efficient therapy to treat infections. We found that dihydrotanshinone I (DHT) specifically blocked the canonical and non-canonical activation of the NLRP3 inflammasome. Nevertheless, DHT had no relation with the activation of AIM2 or the NLRC4 inflammasome. Further study demonstrated that DHT had no influences on potassium efflux, calcium flux, or the production of mitochondrial ROS. We also discovered that DHT suppressed ASC oligomerization induced by NLRP3 agonists, suggesting that DHT inhibited the assembly of the NLRP3 inflammasome. Importantly, DHT possessed a significant therapeutic effect on NLRP3 inflammasome–mediated sepsis in mice. Therefore, our results aimed to clarify DHT as a specific small-molecule inhibitor for the NLRP3 inflammasome and suggested that DHT can be used as a potential drug against NLRP3-mediated diseases.
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INTRODUCTION
An inflammasome is a cytoplasmic complex composed of multiple proteins, which mediates the host immune response to microbial infection and cell damage (Péladeau and Sandhu, 2021). The NLR family proteins are intracellular signaling molecules that can sense many factors of pathogenic origin, environment, and host origin (Su et al., 2021). Inflammasomes are composed of intracellular pattern recognition receptors (PRRs), including NLRP3, NLRP1, and NLRC4, belonging to the NLR family and melanoma 2 (AIM2) belonging to the non-NLR family. (Zhang WJ. et al., 2021). Among them, the study of the NLRP3 inflammasome is the most in-depth and extensive one.
Both pathogen-associated molecular patterns (PAMPs) and danger-associated molecular patterns (DAMPs) can activate inflammasomes. NLRP3, ASC (apoptosis-associated speck-like protein containing a card), and caspase-1 are three components of the NLRP3 inflammasome (Elliott and Sutterwala, 2015). NLRP3 binds to ASC, and ASC interacts with caspase-1, which triggers the self-cleavage of pro–caspase-1 to form mature caspase-1 and then leads to pyrosis and IL-1β production. The NLRP3 inflammasome could be activated by many types of pathogens or danger signals, such as nigericin, adenosine triphosphate (ATP), cholesterol crystal, amyloid-β aggregates, pore-forming toxins, or viral RNA (He et al., 2016a; Wang et al., 2019; Shi et al., 2020). In addition, the environmental factors, such as ultraviolet irradiation, SiO2, PM2.5, allergens, infectious agents, and physical stress, are also important for the activation of the NLRP3 inflammasome (Feldmeyer et al., 2007; Elliott and Sutterwala, 2015; Broz and Dixit, 2016; Chu et al., 2019). The NLRP3 inflammasome has been known to be a participant in the pathogenesis which is associated with many metabolic and inflammation-related diseases. Hereditary caps such as Muckle–Wells syndrome (MWS), neonatal multi-system inflammatory diseases, and familial cold auto-inflammatory syndrome result from functional acquisition mutations of the NLRP3 inflammasome (Awad et al., 2019; Iida et al., 2019; Nair et al., 2019). Moreover, NLRP3 inflammasome activation is conducive to the evolution of many other medical conditions, including Parkinson's disease (Han et al., 2019), inflammatory bowel disease (Chen et al., 2021), Alzheimer’s disease (Feng et al., 2020), Crohn’s disease (Zhang G. et al., 2021), and liver disease (Yang et al., 2020). Pharmacological inhibitors of the NLRP3 inflammasome have exhibited significant therapeutic efficacy in multiple animal models (Daniels et al., 2016; Wu et al., 2017; Renaudin et al., 2020). Therefore, the NLRP3 inflammasome is widely considered a new target for the treatment of inflammatory diseases. MCC950 (Corcoran et al., 2021), Olt1177 (Marchetti et al., 2018), cryptotanshinone (Liu et al., 2021), isoliquiritigenin (Honda et al., 2014), and tranilast (Zhuang et al., 2020) have been affirmed to repress the NLRP3 inflammasome over the years. MCC950 has been proven to be the most effective and specific inhibitor for NLRP3 inflammasome activation. It is effective in many NLRP3-driven diseased mouse models, such as Alzheimer’s disease (Tapia-Abellán et al., 2019), colitis, and type 2 diabetes. However, phase II clinical trials have demonstrated their potential hepatotoxicity (Shi et al., 2020; Corcoran et al., 2021). In addition, OLT1177 also conducted phase II clinical trials (Marchetti et al., 2018). However, there is no therapy targeting NLRP3 available in the clinic. It is essential to undertake an urgent study to develop secure and effective inhibitors on the NLRP3 inflammasome against NLRP3 inflammasome–mediated diseases.
Salvia miltiorrhiza Bge. (Lamiaceae) is one of the most famous traditional Chinese medicines. As a traditional Chinese medicine, Danshen is widely used to treat blood abnormalities, heart disease, hepatitis, bleeding, menstrual irregularities, collagen-induced platelet aggregation, and so on (Mei et al., 2019; Guo et al., 2021). Dihydrotanshinone I (DHT) is a natural compound extracted from Danshen. According to the reports, DHT has antitumor (Allegri et al., 2021), anti-inflammatory (Wang et al., 2020), and immunomodulatory effects (Wang et al., 2020). Evidence has emerged that DHT attenuates crystalline silica–induced lung inflammation by regulating the immune response and inhibiting STAT1/STAT3 (Wang et al., 2020). It has been reported that DHT could inhibit the activation of NF-κB induced by TNF-α (Weng et al., 2021). In this study, we discovered that DHT blocked the activation of the NLRP3 inflammasome but not NLRC4 and AIM2 inflammasomes. In addition to this, DHT treatment can protect against NLRP3 inflammasome–mediated infectious shock and inflammation in vivo, which indicates that DHT may have a potential as a therapeutic drug for the treatment of NLRP3 inflammasome–mediated diseases.
MATERIALS AND METHODS
Mice
C57BL/6 female mice (6- to 8-week-old) were purchased from SPF Biotechnology Co., Ltd. (Beijing, China). Mice were kept under pathogen-free conditions. All mice were given unlimited water and food, and maintained under a 12-h dark/light cycle (25 ± 2°C). The animal experiments were carried out in consistence with the guidelines for the care, as well as use of laboratory animals and were approved by the Fifth Medical Center of PLA General Hospital, Beijing, China.
Reagents and Antibodies
ATP, nigericin, and DMSO were obtained from Sigma. SiO2, Pam3CSK4, poly (dA:dT), and ultrapure lipopolysaccharide (LPS) were provided by InvivoGen. Dihydrotanshinone I (DHT) was purchased from MCE and Targetmol. Salmonella was supplied as a gift from Dr. Tao Li from the National Center of Biomedical Analysis (Beijing, China). MitoSOX was supplied by Invitrogen. Anti-mouse caspase-1 (1:1,000, AG-20B-0042) and anti-NLRP3 (1:2000, AG-20B-0014) were supplied from AdipoGen. Anti-ASC (1:1,000, #67824) and anti-GAPDH (1:1,000, #5174) were supplied by Cell Signaling Technology. Anti-mouse IL-1β (1:1,000, AF-401-SP) was obtained from R&D Systems. Anti-flag (1:1,000, 80010-1-RR), anti-NEK7 (1:1,000), and anti-lamin B (1:1,000, 10895-1-AP) were supplied by Proteintech. F4/80 (565,410) was obtained from BD Biosciences.
Cell Culture
Bone marrow–derived macrophages (BMDMs) were derived from 10-week-old C57BL/6 female mice and cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS), 1% penicillin/streptomycin (P/S), and 50 ng/ml murine macrophage colony-stimulating factor (M-CSF, 416-ML-050, R&D Systems) for 6–7 days. HEK-293T was cultured in DMEM containing 10% FBS and 1% penicillin/streptomycin (P/S). All cells were cultured at 37°C humidification (5% CO2).
Cell Viability Assay
BMDMs were seeded in 96-well plates overnight at a density of 1 × 105 cells/well. Then, BMDMs were exposed to DHT in DMEM for 24 h at 37°C. Next, the medium was replaced with fresh DMEM containing CCK-8 for 15–30 min. The optical density (O.D.) values were detected at a wavelength of 450 nm.
Inflammasome Activation
BMDMs were plated in 24-well plates at 5× 105 cells per plate. After the cells adhered overnight, they were exposed for 4 h with DMEM containing LPS (50 ng/ml) or Pam3CSK4 (1 μg/ml). BMDMs were exposed to DHT for 1 h in Opti-MEM and then stimulated with nigericin (10 μM) for 30 min, ATP (5 mM) for 45 min, SiO2 (250 mg/ml) for 6 h, or Salmonella for 6 h. Besides, 1 μg/ml ultra-LPS, 2 μg/ml poly (I:C), or 2 μg/ml poly (dA:dT) were transfected with the StarFectII high-efficiency transfection reagent for 6 h.
Western Blotting
The protein extraction of the cell culture supernatant was performed as described previously (Wang et al., 2019). The whole cell lysates were prepared with RIPA buffer. The samples were boiled at 105°C for 15 min and separated by 12% or 10% SDS-PAGE. Then, the gels were transferred to a nitrocellulose membrane by the wet transfer system. The membranes were sealed with 5% fat-free milk at room temperature for 1 h and incubated with primary and secondary antibodies in turn. The signals were analyzed using enhanced chemiluminescence reagents (Promega, Beijing, China).
Enzyme-Linked Immunosorbent Assay
Mouse IL-1β (Dakewe, Beijing, China; R&D Systems, Minneapolis, MN, United States) and mouse TNF-α (Dakewe, Beijing, China) were used to measure the mouse serum, peritoneal lavage fluid, and cell supernatants following the manufacturer’s instructions.
Caspase-1 Activity Assay
The activity of cleaved caspase-1 in the cell supernatant was measured by Caspase-Glo®1 Inflammasome Assay (Promega, Madison, Wisconsin, United States) following the manufacturer’s instructions.
Flow Cytometry
The peritoneal lavage fluid was collected and centrifuged at 1,500 rpm at 4°C for 3 min. In consistence with the abovementioned centrifugation method, the cells were washed twice with PBS and discarded. Then, the cells were incubated with anti-F4/80 monoclonal antibody at 4°C in dark for 60 min. After incubation, the cells were washed with iced PBS 3 times. Finally, the cells were resuspended with 200 μl PBS and transferred to a flow tube for detection.
Apoptosis-Associated Speck-Like Protein Containing a Card Oligomerization Assay
BMDMs were seeded in 12-well plates overnight. After inflammasome activation, the cell supernatant was removed, and the cells were lysed using Triton buffer [50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 0.5% Triton X-100, and EDTA-free protease inhibitor cocktail]. The lysates were centrifuged at 6,000 g for 15 min. The supernatants detected the level of the NLRP3 inflammasome complex proteins by immunoblotting analysis, and the pellet fractions were washed with 500 μl PBS and resuspended in 200 μl PBS containing 2 mM DSS, and then cross-linked at 37°C for 30 min. After that, the pellets were centrifuged at 6,000 g for 15 min. Finally, the cell supernatant was removed.
ROS Measurements
BMDMs were seeded in 100-mm cell culture dishes with 1 × 106 cells/ml overnight. After that, the medium was replaced with fresh DMEM, and then primed with 50 ng/ml LPS for 4 h. Next, the cells were digested with trypsin (EDTA + trypsin) and stimulated with 10 μM nigericin for 30 min after being exposed to DHT for 1 h in Opti-MEM. Then, the cells were centrifuged at 5000 rpm for 5 min, and the supernatants were removed. After that, the cells were rinsed with HBSS and dyed with 4 μM MitoSOX for 20 min at 37°C. Flow cytometry was applied to detect the cells washed with HBSS.
Intracellular K+ Measurement
BMDMs were plated in 24-well plates with a concentration of 1 × 106 cells/ml overnight. The activation of the inflammasome has been described earlier. The medium was removed, and the cells were lysed with ultrapure HNO3. Next, the cell lysates were boiled at 100°C for 15 min. The content of intracellular K+ was measured by ICP-MS (inductively coupled plasma optical emission spectrometry).
Intracellular Ca2+ Measurement
BMDMs were seeded at a concentration of 5 × 105 cells/well in a 384-well plate. Then, DMEM containing LPS was used to replace the original medium. After 4 h, ATP was used to stimulate the cells for 45 min. DHT was used to treat or not treat the cells. ATP-induced Ca2+ fluxes were detected by the FLIPRT Tetra System (Molecular Devices, San Jose, CA, United States). The procedure has a complete introduction in the previous studies.
Lipopolysaccharide-Induced Septic Shock Model
DHT was dissolved with 10% dimethyl sulfoxide and diluted with sterile saline. Before the experiment, 18–20 g C57BL/6 female mice were fed adaptively for a week. The septic shock model was established by intraperitoneal injection of LPS in mice. The vehicle control, DHT (40 mg/kg), or MCC950 (40 mg/kg) was injected intraperitoneally. LPS (20 mg/kg) was given 1 h later, and animal mortality was monitored regularly for three consecutive days. In another experiment, C57BL/6 female mice were randomly allocated to the following four groups: solvent control, LPS, MCC950 + LPS, and DHT + LPS group (n = 8). The administration condition was the same as that of the previous experiment, except that the serum samples and PBS peritoneal lavage fluid were adopted after 4 h. The cytokine levels were measured by ELISA, and the macrophages were analyzed by flow cytometry.
Statistical Analysis
Statistical analysis was performed using GraphPad Prism 7 (GraphPad Software, San Diego, CA, United States) and Microsoft Excel. The data were expressed as the mean ± standard error of the mean (SEM). The unpaired Student’s t-test was used to analyze the significant differences between the two groups. The comparison of three or more groups used one-way ANOVA. The log-rank test was used to analyze the mice survival data. Statistical significance was indicated as *p < 0.05, **p < 0.01, and ***p < 0.001; ns: not significant.
RESULTS
Dihydrotanshinone I Inhibits Nigericin and Adenosine Triphosphate–Induced Activation of the NLRP3 Inflammasome
To examine whether dihydrotanshione I (DHT, Figure 1A) is influential in the activation of the NLRP3 inflammasome, we applied the CCK-8 kits to detect the cytotoxicity of DHT when different doses of DHT acted on macrophages derived from mouse bone marrow (BMDMs) for 24 h. It was observed that low concentrations of DHT did not damage the viability of BMDMs. DHT at concentrations below 20 μΜ is safe (Figure 1B).
[image: Figure 1]FIGURE 1 | Dihydrotanshinone I (DHT) blocks NLRP3 inflammasome activation induced by nigericin and ATP in BMDMs. (A) Dihydrotanshinone I structure. (B) BMDMs were exposed to DHT (2.5–80 μM) for 24 h. (C–E) BMDMs were primed with LPS and then exposed to different concentrations (2.5, 5, or 10 μM) of dihydrotanshinone I, followed by the stimulation of nigericin for 0.5 h. Immunoblotting analysis of IL-1β (P17) and activated caspase-1 (P20) in cell supernatants (Sup.) are shown (C). Caspase-1 activity (D) and IL-1β (E) secretion were measured. (F–H) BMDMs were primed with LPS and then treated with different concentrations (2.5, 5, or 10μM) of dihydrotanshinone I, followed by the stimulation of ATP for 1 h. Western blot analysis of matured IL-1β (P17) and activated caspase-1 (P20) in culture supernatants (Sup.) are shown (F). Caspase-1 activity(G) and IL-1β (H) secretion are measured. (I and J) The secretion of TNF-a in the supernatant of cells treated as described in C (I) and F (J) were determined by ELISA. Coomassie blue staining was used as the loading control of the supernatant (C, F) and Lamin B was used as the lysate loading control (C, F). Results are represented as mean ± SEM from three biological replicates. One-way ANOVA was used to analyze the data. *p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant.
Hence, the inhibition of DHT on the activity of caspase-1 and the secretion of IL-1β were measured at the concentration of 0–10 μΜ. We primed BMDMs with LPS and then treated them with DHT before being stimulated with nigericin. The immunoblotting results indicated that DHT treatment could suppress the cleavage of caspase-1 and the secretion of IL-1β (Figure 1C). Subsequently, the caspase-1 activity assay showed that DHT treatment and the activity of caspase-1 were dose-responsive (Figure 1D). Next, we measured the level of IL-1β by ELISA. ELISA results were consistent with those of Western blotting, indicating that DHT caused a dose-dependent inhibition of the activity of caspase-1 and the production of IL-1β (Figure 1E). Similarly, DHT dose dependently suppressed the level of ATP-induced caspase-1 and IL-1β (Figures 1F–H). However, DHT made no difference in the secretion of inflammasome-independent TNF-α (Figures 1I,J). Furthermore, the protein levels of NLRP3, ASC, pro–caspase-1, pro–IL-1β in the whole lysate of BMDMs were not affected by DHT (Figures 1C,F). Taken together, DHT efficiently blocks the activation of the NLRP3 inflammasome.
Dihydrotanshinone I Specifically Inhibits the Activation of the NLRP3 Inflammasome but Does Not Affect AIM2 and NLRC4 Inflammasome Activation
To verify whether DHT can inhibit the NLRP3 inflammasome over a broad spectrum, we investigated the effects of DHT on the LPS-mediated canonical-activated pathway of SiO2 and poly (I: C). Our results indicated that DHT could inhibit SiO2- and poly (I: C)-induced production of IL-1β and activity of caspase-1 (Figures 2A,C,E). We also identified the role of DHT in the non-canonical activation of the NLRP3 inflammasome. Pam3CSK4-primed BMDMs were stimulated with LPS transfection after being exposed to DHT. The results showed that DHT reduced IL-1β secretion and caspase-1 cleavage (Figures 2. A,C,D). The data hint that DHT can restrain the canonical and non-canonical activation of the NLRP3 inflammasome in BMDMs.
[image: Figure 2]FIGURE 2 | Dihydrotanshinone I specifically inhibits NLRP3 inflammasome activation. (A) LPS-primed BMDMs were treated with dihydrotanshinone I (10 μM) and then stimulated with ATP (45 min), nigericin (30 min), poly (I: C) (6 h), or SiO2(6 h), or Pam3CSK4-primed BMDMs were treated with dihydrotanshinone I (10 μM) and stimulated with LPS (6 h). Western blot analysis of IL-1β (p17) and caspase-1 (p20) in supernatants (Sup.) and pro–IL-1β and pro–caspase-1 in whole lysates (Lys.) of BMDMs are shown in (A). (B) BMDMs were primed with LPS, exposed to DHT (10 μM), and then stimulated with nigericin, Poly (dA:dT) (6 h), and Salmonella typhimurium (6 h). Immunoblotting analysis of IL-1β (p17) and cleaved caspase-1 (p20) in culture supernatants (Sup.) and pro–IL-1β and pro–caspase-1 in whole lysates of BMDMs (Lys.). (C–E) Activity of caspase-1 (C), secretion of IL-1β (D), and production of TNF-α (E) in Sup. from samples described in (A). (F–H) Activity of caspase-1 (F), IL-1β (G), and TNF-α (H) in Sup. from indicated samples in (B). Coomassie blue staining was used as the supernatant loading control (A–B) and Lamin B as the lysate loading control (A–B). Data are represented as mean ± SEM from three biological replicates. Statistics were analyzed by multiple t-tests. *p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant.
Not only the NLRP3 inflammasome but also the AIM2 and NLRC4 inflammasomes may mediate IL-1β secretion and caspase-1 maturation. Subsequently, we tested whether DHT has a specific inhibitory effect on the activation of the NLRP3 inflammasome. We stimulated LPS-primed BMDMs with Salmonella typhimurium to see if DHT prevented the activation of the NLRC4 inflammasome (Samperio Ventayol et al., 2021). The results indicated that DHT did not influence the secretion of IL-1β and the maturation of caspase-1 during NLRC4 inflammasome activation in BMDMs (Figures 2B,F,G). It has been reported that double-stranded DNA can activate the AIM2 inflammasome (Li et al., 2021). LPS-primed BMDMs were exposed to DHT (10 μΜ) for 1 h and then transfected with poly (dA: dT) (Zhang C. et al., 2021). The effect of DHT on the AIM2 inflammasome was observed with no reduction in the secretion of IL-1β and cleavage of caspase-1 (Figures 2B,D,F). Meanwhile, DHT made no difference in the production of TNF-α (Figures 2E,H). The results supported DHT as a broad-spectrum inhibitor for the NLRP3 inflammasome, but it could not inhibit the activation of the AIM2 or NLRC4 inflammasome.
Dihydrotanshinone I Inhibits ASC Oligomerization
Existing studies have shown that DHT blocks the TNF-α–induced NF-κB signaling pathway (Wang et al., 2015). Then, according to the method described earlier (Hou et al., 2020), we detected whether DHT affected the NF-κB–dependent expression of NLRP3 or pro–IL-1β to inhibit the activation of the NLRP3 inflammasome. We treated BMDMs with DHT for 1 h before being treated with 4 h-LPS. A high dose of DHT could downregulate the production of pro–IL-1β, NLRP3, and TNF-α (Figures 3A,B). Instead, when BMDMs were pretreated with LPS for 4 h and then followed by stimulation with or without DHT, the production of NLRP3, pro–IL-1β, and TNF-α remained unchanged (Figures 3A,B). In this condition, DHT showed inhibition of caspase-1 activity and IL-1β production (Figures 1A,F). Collectively, these data suggest that DHT, indeed, was effective in the activation stage of the NLRP3 inflammasome.
[image: Figure 3]FIGURE 3 | DHT inhibits ASC oligomerization. (A) Western blot analysis of proteins in lysates. from BMDMs with 4 h-LPS priming and then treated with or without different doses of DHT (2.5, 5, 10 μM) for 1 h, or BMDMs treated with varying doses of DHT (2.5, 5, 10 μM) for 1 h and then stimulated with LPS for 4 h. Lamin B was used as an internal control. (B) Production of TNF-α in Sup. from BMDMs as described in (A). (C, D) BMDMs were pretreated with LPS and stimulated with nigericin, ATP, transfected LPS, SiO2, poly (I: C), or Pam3CSK4-primed BMDMs stimulated with LPS transfection after exposure to DHT. Western blotting analysis of ASC oligomerization in cell lysates.
ASC oligomerization is a crucial stage during the activation of the inflammasome (Green et al., 2018). Then, we further explored whether DHT could block ASC oligomerization during the activation of the NLRP3 inflammasome. The LPS-primed BMDMs were stimulated by nigericin after being exposed to DHT, and then the cytoplasmic part of cell lysis was cross-linked. The ASC monomers and advanced complexes maintained a dose-dependent decline by DHT as observed by Western blotting (Figure 3C). Deeper results showed that DHT could inhibit the oligomerization of ASC mediated by multiple NLRP3 inflammasome stimuli, such as ATP, nigericin, SiO2, and poly (I: C) (Figure 3D). In comparison, DHT did not inhibit ASC oligomerization during Salmonella typhimurium and poly (dA: dT)-induced NLRC4 and AIM2 inflammasome activation (Supplementary Fig. 1). Thus, the results implied that DHT could inhibit ASC oligomerization when the NLRP3 inflammasome was activated.
DHT Does Not Affect the Upstream Signals of NLRP3 Inflammasome Activation and the NLRP3–NEK7 Interaction
The decrease of intracellular K+ concentration is recognized as a trigger for the activation of the NLRP3 inflammasome (Gong et al., 2018). Therefore, we tested if DHT prevented K+ efflux during NLRP3 activation. The results indicated that nigericin significantly reduced intracellular potassium levels, whereas DHT did not reverse such changes induced by nigericin (Figure 4A). Recent researches have clarified that Ca2+ signaling is a crucial signaling pathway in the activation of the NLRP3 inflammasome (Elliott and Sutterwala, 2015). Blocking Ca2+ signaling can inhibit the activation of the NLRP3 inflammasome but not AIM2 and NLRC4 inflammasomes (Elliott and Sutterwala, 2015). We observed that DHT did not affect ATP-induced calcium mobilization during NLRP3 inflammasome activation (Figure 4B). Moreover, oxidative stress also participates in the upstream of inflammasome activation, mitochondrial perturbations, and reactive oxygen species (mtROS) production which are essential for the activation of the NLRP3 inflammasome (He et al., 2016a; Verma et al., 2020). Thus, we investigated whether DHT influences the nigericin-induced ROS production. The emerging findings suggested that DHT treatment did not affect nigericin-induced mtROS production (Figure 4C).
[image: Figure 4]FIGURE 4 | DHT has no effect on upstream signaling events of NLRP3 inflammasome activation and NLRP3–NEK7 interaction. (A) Qualification of potassium efflux in LPS-primed BMDMs exposed to various doses of DHT (2.5, 5, 10 μM) and then stimulated with nigericin. (B) ATP-induced Ca2+ flux in LPS-induced BMDMs treated with or without DHT was measured using a FLIPR Tetra system. (C) LPS-primed BMDMs treated with DHT and then stimulated with nigericin were detected by staining with MitoSox. The percentage of ROS-positive cells was obtained by flow cytometry. (D) HEK-293T cells were transfected with Flag-NLRP3, and DHT (10 μM) was added at 18 h post transfection. Immunoprecipitation was performed with anti-Flag affinity gel-agarose beads, followed by Western blot analysis. GAPDH was used as the lysate loading control. Data are shown as mean ± SEM from three biological replicates. One-way ANOVA was used to analyze the data. *p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant.
NEK7 is an NLRP3-binding protein. The interaction between NEK7 and NLRP3, which plays a crucial role in regulating the assembly and activation of the NLRP3 inflammasome, is indispensable for activating the NLRP3 inflammasome (He et al., 2016b; Sharif et al., 2019). Therefore, we investigated if DHT was acting on the NEK7–NLRP3 interaction. 293T cell lines were transfected with Flag-NLRP3, and the immunoprecipitates were analyzed by Western blotting. Our results showed that DHT did not inhibit the binding of NEK7 to NLRP3 (Figure 4D). Taken together, DHT has no effect on the upstream signals of NLRP3 inflammasome activation, as well as the interaction between NLRP3 and NEK7.
Dihydrotanshinone I Inhibits Inflammation In Vivo and Protects Against LPS-Induced Septic Shock In Vivo
To determine the role of DHT on the activation of the NLRP3 inflammasome in vivo, we selected the mouse model of LPS-induced NLRP3 inflammasome–dependent septic shock (Mao et al., 2013; Lee et al., 2017). We intraperitoneally injected DHT or MCC950 in mice, and LPS was injected 1 h later to monitor their survival. Our results showed that DHT significantly increased the survival rate of septic shock in mice injected by LPS (Figure 5A). On comparing the effects of DHT with MCC950, a selective inhibitor of the NLRP3 inflammasome, we observed that DHT had a similar protective effect on LPS-mediated death as MCC950 (Figure 5A). In addition, the mice were intraperitoneally treated with DHT or MCC950 for 1 h and then injected by LPS. The levels of IL-1β and TNF-α were evaluated 4 h later. The findings suggested that DHT had a similar effect as MCC950. DHT significantly reduced the levels of IL-1β and TNF-α in serum and peritoneal lavage fluid, and decreased the number of macrophages (Figures 5B–F). In conclusion, these results reveal that DHT treatment could block the activation of the NLRP3 inflammasome and improve NLRP3 inflammasome–mediated septic shock in mice.
[image: Figure 5]FIGURE 5 | Dihydrotanshinone I reduces LPS-induced septic shock and inflammation in vivo. (A) Survival rate of septic shock in mice. After intraperitoneal injection of DHT (40 mg/kg) and LPS (20 mg/kg), the lethality of 6- to 8-week-old C57BL/6 female mice was monitored within 72 h (n = 10) (B–F) C57BL/6 female mice were given vehicle control, DHT (40 mg/kg), or MCC950 (40 mg/kg) for 1 h and then treated with LPS (20 mg/kg) for 4 h. Monocytes-macrophages (F4/80 + cells) (B), TNF-α (C), IL-1β (E) from serum and TNF-α (D), and IL-1β (F) in the peritoneal lavage fluid were measured using flow cytometry and ELISA. Data are represented as the mean ± SEM. Statistics differences were analyzed using an unpaired Student’s t-test *p < 0.05, **p < 0.01, ***p < 0.001, NS: not significant.
DISCUSSION
Salvia miltiorrhiza is widely used in the treatment of inflammation. DHT is one of the main components of total tanshinones in Salvia miltiorrhiza and has an anti-inflammatory effect (Gao et al., 2018; Chen et al., 2019). However, the detailed mechanism of DHT in inflammatory diseases has not been fully elucidated. Current studies suggest that when the NLRP3 inflammasome is abnormally activated, it can cause severe inflammatory responses, leading to various human inflammatory diseases (Chen et al., 2009; Abderrazak et al., 2015; Louvrier et al., 2020). This study demonstrated that DHT acts as a specific inhibitor to block the canonical and non-canonical activation of the NLRP3 inflammasome but has no effect on the activation of AIM2 and NLRC4 inflammasomes. Evidence has emerged that DHT attenuates crystalline silica–induced lung inflammation by regulating the immune response and inhibiting STAT1/STAT3 (Zhang et al., 2019). DHT can promote amyloid-β accumulation clearance and decrease Tau phosphorylation by autophagy and the AMPK/mTOR pathway (Zhou et al., 2011; Bao et al., 2020). A previous study also showed that DHT could promote the formation of a negative feedback loop between the HuR level and TRIM21 expression under UV irradiation (Guha et al., 2020). In our study, we have shown that DHT could inhibit the activation of the NLRP3 inflammasome targeted by many types of factors, including nigericin, ATP, poly (I: C), or SiO2 (Figure 2). Thanks again for the reviewer’s suggestion, and we have added the discussions in our revised manuscript (page 13, line 326–334).
We also explored the mechanism of how DHT inhibits the activation of the NLRP3 inflammasome. Previous studies have reported that after the two steps of priming and activation are completed, the NLRP3 inflammasome can activate and subsequently secrete bioactive IL-1β (Jo et al., 2016; Duan et al., 2020). Reports showed that the activation of the NF-κB signaling pathway plays an important role on the expression of NLRP3 in the priming events (Yu et al., 2017; Wang et al., 2018). The ability of DHT to inhibit the activation of the NF-kB signaling pathway has long been proven (Wang et al., 2015). Consistent with the previous study, our results also demonstrated that DHT inhibited the inflammasome-independent production of pro–IL-1β and NLRP3 in DHT-pretreated BMDMs followed by LPS priming. In contrast, when BMDMs were treated with LPS prior to DHT stimulation, DHT has no effect on the expression of NLRP3 and pro–IL-1β induced by LPS. However, in this case, DHT can inhibit the caspase-1 maturation and the IL-1β secretion. These suggested that DHT could inhibit the priming phase of the NLRP3 inflammasome and play a part in the activation phase of the NLRP3 inflammasome.
mtROS production is a major upstream signaling regulator of NLRP3 inflammasome activation (Camilli et al., 2020). Our findings showed that DHT had no effect on the production of mtROS during the activation of the NLRP3 inflammasome. But, recent research studies claimed that DHT attenuated mtROS production in J774A.1 cells (Yue et al., 2021). In our results, the effect of DHT on mtROS production is not consistent with Hu et al.’s study, which may be caused by different cells and different experimental conditions. Potassium efflux (Di et al., 2018; Xu et al., 2020) and Ca2+ flux (Chae et al., 2015; Elliott and Sutterwala, 2015) are also the upstream signals of NLRP3 inflammasome activation. Our results also demonstrated that DHT had no inhibitory effect on calcium flux or potassium efflux. Thus, these results suggested that DHT does not influence the upstream signals of NLRP3 inflammasome activation. Therefore, we speculated whether DHT influences the activation of the NLRP3 inflammasome by targeting the assembly of the NLRP3 inflammasome. ASC oligomerization is an important assembly step in the activation of the NLRP3 inflammasome. These data indicated that DHT was provided with the solid repression of ASC oligomerization during the activation of the NLRP3 inflammasome. However, DHT did not affect NLRC4- and AIM2-dependent ASC oligomerization. Therefore, these data clarified that DHT may inhibit NLRP3 inflammasome assembly through the upstream events of ASC oligomerization, thereby inhibiting NLRP3 inflammasome activation. However, this unknown upstream event needs to be studied further.
Intraperitoneal injection of lipopolysaccharide induces sepsis (Ulevitch and Tobias, 1995; Liao et al., 2018), and the activation of the NLRP3 inflammasome plays a crucial role in vivo, accompanied by the production of IL-1β and the occurrence of inflammation (Lee et al., 2017; Xiong et al., 2020). In our study, the results showed that DHT could antagonize LPS-induced septic shock in mice and raise the survival rate. In vivo experiments showed that DHT inhibited the production of IL-1β and TNF-α in the serum and peritoneal lavage fluid of mice and inhibited the recruitment of macrophages in peritoneal lavage fluid, suggesting that DHT could inhibit the activation of the NLRP3 inflammasome in vivo and alleviate the disease mediated by the NLRP3 inflammasome. The therapeutic effect was almost the same as that of MCC950. In this study, only F4/80 was detected to label the macrophages. In future studies, the effect of DHT on inflammation in vivo can also be detected by detecting total cells and neutrophils in peritoneal lavage fluid. Moreover, previous studies have shown that DHT attenuates DSS-induced experimental ulcerative colitis in mice (Guo et al., 2018). It has been confirmed that DSS-induced ulcerative colitis is an NLRP3-dependent disease (Bauer et al., 2010; Ruiz et al., 2017). We speculate that DHT may ameliorate DSS-induced experimental ulcerative colitis by inhibiting the NLRP3 inflammasome. Therefore, our study proves DHT to be a potential agent for a position in the treatment for NLRP3 inflammasome–mediated diseases.
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Sphingosine kinase 1(SphK1) a key enzyme that catalyzes the conversion of sphingosine (Sph) to sphingosine 1-phosphate (S1P), so as to maintain the dynamic balance of sphingolipid-rheostat in cells and participate in cell growth and death, proliferation and migration, vasoconstriction and remodeling, inflammation and metabolism. The normal expression of SphK1 maintains the balance of physiological and pathological states, which is reflected in the regulation of inflammatory factor secretion, immune response in traditional immune cells and non-traditional immune cells, and complex signal transduction. However, abnormal SphK1 expression and activity are found in various inflammatory and immune related-diseases, such as hypertension, atherosclerosis, Alzheimer’s disease, inflammatory bowel disease and rheumatoid arthritis. In view of the therapeutic potential of regulating SphK1 and its signal, the current research is aimed at SphK1 inhibitors, such as SphK1 selective inhibitors and dual SphK1/2 inhibitor, and other compounds with inhibitory potency. This review explores the regulatory role of over-expressed SphK1 in inflammatory and immune related-diseases, and investigate the latest progress of SphK1 inhibitors and the improvement of disease or pathological state.
Keywords: sphingosine kinase 1, inflammatory immune related-diseases, SPHK1 inhibitors, inflammatory immune response, disease
INTRODUCTION
Inflammatory immune response is a physiological or excessive response in cells, tissues or organs stimulated by changes in vivo and/or in vitro. Physiological inflammatory response is a beneficial defensive local response, but excessive inflammatory response will destroy the relative homeostasis of cells, tissues or organs, which is the pathological basis of the occurrence and development of a variety of diseases (McComb et al., 2019). Clinically, inflammatory response are often manifested as rubor, swelling, heat, pain and dysfunction. Their mechanisms are summarized as redness and swelling of tissues caused by congestion and edema in inflammatory lesions; fever and pain caused by inflammatory mediators such as interleukin-1 (IL-1) and prostaglandins (PG); dysfunction caused by degeneration and necrosis of intralesional parenchymal cells (Medzhitov, 2008). Therefore, inflammatory immune related-diseases are closely related to inflammatory mediators and inflammatory immune responses caused by immune cells, such as innate immunity involving phagocytes and dendritic cells (DCs), adaptive immunity involving lymphocytes and neutrophils, and inflammatory responses mediated by various inflammatory mediators. Inflammation and immune response are involved in a variety of diseases and even directly induces the occurrence of diseases, such as activation of the immune system and vascular inflammation in cardiovascular diseases, neuro-inflammation in Alzheimer’s disease (AD), and the well-known autoimmune disease-rheumatoid arthritis (RA) (Sorokin et al., 2020; Weyand and Goronzy, 2021). Therefore, the search for key inflammatory mediators and pro-inflammatory mechanisms has become a therapeutic target and strategy of various systemic diseases. In recent years, sphingosine kinase 1 (SphK1) has been recognized as a key factor in regulating inflammatory responses. The SphK1/S1P signaling mediates many normal and pathogenic inflammatory responses, including cytokines signaling mechanism and immune cell function regulation.
SphK1 is a key rate limiting enzyme and intracellular signal transduction enzyme in sphingolipid metabolism, which was first identified by Olivera in 1998 (Liu et al., 2000). As a lipid kinase, SphK1 phosphorylates sphingosine (Sph) to bioactive sphingosine-1-phosphate (S1P). S1P activates intracellular signals by binding to S1P receptors (S1PRs), members of the G protein-coupled receptors (GPCRs). SphK1/S1P/S1PRs signaling is a key regulator of several physiological processes, including Ca2+ homeostasis, cell survival, migration, and inflammation (Pyne and Pyne, 2020; McGinley and Cohen, 2021). Under normal physiological conditions, SphK1 located in the cytoplasm is transported to the plasma membrane and activated by a variety of stimuli, such as cytokines, growth factors and mitogen-activated protein kinase (MAPK), which participate in the enzymatic reaction and maintain the dynamic balance of intracellular sphingolipid metabolites. Under inflammatory conditions, abnormally expressed SphK1 and its product S1P participate in the regulation of inflammatory response and the functional management of multiple immune cells. SphK1 is abnormally activated by inflammatory stimulation, including endotoxin, tumor necrosis factor-α (TNF-α), interferon-γ (IFN-γ), IgE, etc., and the balance of its activity and expression is also disrupted (Obinata and Hla, 2019; Schneider, 2020). SphK1 plays a key role in the regulation of inflammation in metabolic syndrome (MS) and RA by triggering pro-inflammatory signals, regulating mitogenic and chemotactic responses of immune cells and the activation of vascular endothelial cells (VECs) (Chen et al., 2016; Wang et al., 2021). In addition, SphK1 was shown to be one of the earliest activated genes in IgE mediated mast cell initiation, participating in the survival and migration of immune cells (mononuclear phagocytes and lymphocytes), and contributing to the recruitment of immune cells to target tissues (Olivera et al., 2006). After SphK1/S1P pathway is activated, pro-inflammatory factors and various pro-inflammatory pathways are activated, including reactive oxygen species (ROS) and Toll-like receptors (TLR)signals, which have been proved in a variety of inflammatory immune related-diseases (Takasaki et al., 2018; Mohammed et al., 2020).
With the important role of SphK1 in autoimmune diseases, neurological and cardiovascular diseases, and cancer gradually revealed, the design and development of SphK1 targeted drugs has become a research hotspot at home and abroad. Most studies focused on the development of SphK1 selective inhibitors, based on the over-expression of SphK1 in inflammatory immune related-diseases and tumor pathology. At present, PF-543 is the most widely used SphK1 inhibitor, which participates in different cell functions to improve diseases. For example, PF-543 reduces mitochondrial DNA (mtDNA) damage in pulmonary epithelial cells, recruitment of fibrogenic monocytes, and ROS production to improve pulmonary fibrosis and lung injury (Cheresh et al., 2020; Ha et al., 2020; Huang et al., 2020). Studies on breast cancer and inflammatory bowel disease (IBD), including gastrointestinal tumors, showed that PF-543 reduces the expression of various immunosuppressive factors in the tumor microenvironment to overcome the resistance to immune checkpoint inhibitors (Imbert et al., 2020; Sukocheva et al., 2020a). In addition, it has been proved that more SphK1 inhibitors have been developed based on existing inhibitor structures or obtained from natural products. For example, jasmine B analogues based on pyrrolidine exerting anti-inflammatory activity for the treatment of RA (Chen et al., 2021a); therapeutic effect of SKI-349 obtained by optimizing SKI-178 structure on hematological malignancies (Hengst et al., 2020b); and the inhibitors derived form natural products with potential roles in the prevention of breast and lung cancer (Jairajpuri et al., 2020; Khan et al., 2020; Roy et al., 2020). More compounds with inhibitory activity have been developed and researched due to the benefits of SphK1 inhibitors have been proved. However, the selective screening, toxicity identification and cell function verification of these compounds need to be proved by more rigorous and careful studies. This review focuses on the association of SphK1 abnormalities with inflammatory immune related-diseases and pathological conditions, in order to clarify the importance for maintaining the homeostasis of SphK1 in inflammatory immune related-diseases. In addition, the recent research progress of SphKs inhibitors, including structure, cellular functions and possible molecular mechanisms.
SPHINGOSINE KINASE 1 AND THE BALANCE OF SPHINGOLIPID-RHEOSTAT
Sphingolipids are a complex class of lipids that were originally described as the main components of cell membrane structure. A core of sphingolipid metabolites is ceramide (Cer), which is converted to Sph after decarboxylation by ceramide synthase, and SphKs catalyzes Sph phosphorylation to produce S1P after activation by different cytokines and growth factors, such as TNF-α, IL-1β and vascular endothelial growth factor (VEGF) (Gomez-Larrauri et al., 2020). S1P is irreversibly degraded by S1P lyase (SPL) and S1P phosphatases (SPP) to maintain the dynamic balance of S1P in the body (Figure 1A). All of these sphingolipid metabolites have biological activities to regulate biological functions, including cell growth and survival, cell differentiation, autophagy, migration, and so on (Albeituni and Stiban, 2019). Among them, SphKs are rate limiting enzymes in maintaining S1P levels for cell survival and normal cell proliferation and function, determining cell fate by the balance between pro-apoptotic Cer/Sph and pro-survival S1P, which is called “sphingolipid-rheostat” (Newton et al., 2015). SphKs maintain the dynamic balance of sphingolipid-rheostat to reach relative homeostasis under normal physiological conditions. Whereas under pathological conditions, the abnormal expression of SphKs (especially SphK1) leads to disrupted homeostasis and altered biological functions of cells. This homeostatic environment is not only regulated by SphKs, the expression and activity of SphKs themselves are also influenced by the homeostatic environment. The activation of SphKs is mediated by three known ways, firstly by phosphorylation of the SphK1 Ser225 site by extracellular regulated protein kinases 1/2 (ERK 1/2), and secondly by external stimuli, especially growth factors and pro-inflammatory factors such as platelet derived growth factor (PDGF), TNF-α, transforming growth factor-β (TGF-β), in addition the activity of SphKs also be increased by up-regulating transcription level (Kono et al., 2010; Bonica et al., 2020). When the intracellular and external environments are disrupted by disease occurrence, SphKs are aberrantly activated leading to a disrupted balance of sphingolipid-rheostat (Figure 1B).
[image: Figure 1]FIGURE 1 | (A) Sphingolipid biosynthesis and degradation pathways. Ceramide (Cer) is the central core of sphingolipid metabolism, which is generated through the de novo synthesis pathway starting from serine and palmintoyl CoA, the SMase pathway by direct degradation of sphingomyelin (SM), and phosphorylation degradation of ceraminde-1-phosphate (C1P). Under the action of ceramidase, Cer is converted into sphingosine (Sph), which can be further phosphorylated by SphKs to form S1P. S1P lyase catalyzes irreversible exit from this pathway. Cer and Sph induce cell cycle arrest and apoptosis, whereas C1P and S1P promote cell proliferation and growth and induce inflammation. (B) The balance of sphingolipid-rheostat. Interconversion between Cer/Sph and S1P via SphKs. Cer/Sph induced cell death, whereas S1P promoted cell proliferation and survival. Sphingolipid-rheostat is formed between Cer/Sph and S1P, which determines cell death or survival. SphKs has intrinsic catalytic activity that helps maintain normal physiological levels through the balance of sphingolipid-rheostat, and is also influenced by Erk1/2, growth factors, and transcription level.
SphK1 and SphK2 are two isoforms of SphKs in mammals with subtle differences in substrate specificity and subcellular localization. SphK1 is mainly located in the cytoplasm, translocates to the plasma membrane when activated, and generates S1P to be transported extracellularly to exert biological effects through S1PRs (Wang et al., 2014a). SphK2 is located in various organelles, such as endoplasmic reticulum, mitochondria and nucleus, which are involved in apoptosis regulation and epigenetic regulation, respectively (Diaz Escarcega et al., 2021). The different localization of SphK1 and SphK2 determines the characteristics of mediating a variety of biological functions, such as the deposition of amyloid β-protein (Aβ) in AD and the pathogenesis of different cancers (Hatoum et al., 2017; Dominguez et al., 2018). In addition, the substrate specificity and structural differences of the two isoforms provide a basis for the development of targeted inhibitors. Therefore, we will focus on the role of abnormal SphK1 in inflammatory immune related-diseases, in view of the universality and importance of abnormal SphK1 expression and activity in the regulation of pathological state and biological function.
ROLE OF SPHINGOSINE KINASE 1 IN INFLAMMATORY IMMUNE RELATED-DISEASES
Inflammatory immune response is a physiological or excessive systemic response induced by inflammatory immune cells based on the changes in the internal and external environments (Wei, 2016). Inflammation immune related-diseases are systemic diseases that involve excessive immune cells and inflammatory mediators, characterized by the occurrence of inflammatory immune responses as the basis of pathogenesis. Inflammatory immune related-diseases involve all aspects of the body and are classified as cardiovascular diseases, nervous system diseases, digestive system diseases and immune system diseases according to the type of disease. In addition to immune cells that play a central role in the process of immune response, such as neutrophils, monocytes, macrophages, T and B lymphocytes, there are non-traditional inflammatory cells involved in immune effects, including fibroblasts and endothelial cells. They release inflammatory cytokines, such as TNF family, ILs, chemokines and adhesion molecules, which mediate cell activities and regulate inflammation (Gajewski et al., 2013). SphK1 is highly expressed in various immune cells and tumor cells, and enhances the inflammatory response by triggering pro-inflammatory signals (Pyne and Pyne, 2020). As a key regulator regulating inflammation and immune responses, new potential targets have been found for the treatment of inflammation related diseases. Safingol, an SphK1 inhibitor, has entered the clinical stage for the treatment of solid tumors and leukemia (Dickson et al., 2011). Abnormal SphK1 has also become the research direction of a variety of diseases due to the discovery of over-expression of SphK1 in cancer. In this context, we will focus on the functional impact of altered SphK1 levels in a number of related cardiovascular, neurological disorders to explore novel drug targets for the treatment of inflammatory immune related-diseases (Figure 2).
[image: Figure 2]FIGURE 2 | The role of SphK1 in inflammation immune-related diseases. SphK1 is over-expressed in a variety of inflammation immune-related diseases. Hypertension caused by the production of cytokines and various stimuli is accompanied by the activation of the immune system. In the inflammatory environment, the up-regulated SphK1 is involved in the recruitment of T lymphocytes to the inflammatory site, the release of inflammatory cytokines, and the vascular injury caused by the reduction of NO release in the pathogenesis of hypertension. As SphK1 is abnormally activated, SphK1 inhibition (such as PF-543) can effectively reduce blood pressure. Atherosclerosis is accompanied by the activation of the immune system. SphK1 activated by TNF-α promotes the differentiation of macrophage-like cells in immune cells, produces cell adhesion molecules and superoxide, and the proliferation of VSMCs. SphK1 over-expressed in ECs regulates the release of NO for vasoconstriction, which is the cause of vascular inflammation. SphK1 is over-expressed in activated microglia, promotes the release of pro-inflammatory mediators, and causes neuroinflammation and neuronal apoptosis in AD. Whereas SPM reduction is associated with down-regulated SphK1 in neurons, aggravating neuroinflammation which may be due to sphingolipid-rheostat modulation. SphK1 over-expression activates immune cells to release cytokines in the IEC of IBD caused by genetic and environmental factors. When developing into CAC, SphK1 induces the expression of pro-inflammatory markers and immune cell infiltration, which can be alleviated by SphK1 inhibition (such as LCL351). SphK1/S1P forms a positive feedback with downstream IL-6/STAT3 to maintain the proliferation of IEC. SphK1 is abnormally over-expressed in the synovitis microenvironment of RA, participates in FLS proliferation, the release of inflammatory cytokines, and inflammatory cell infiltration. Over-expression of SphK1 mediates the proliferation of ECs and forms neovascularization, which may be related to VEGF/SphK1/S1P signal. SphK1 inhibition (such as PF-543) can improve synovial microvascular angiogenesis.
Cardiovascular Disease: Hypertension and Atherosclerosis
Hypertension caused by increased peripheral vascular resistance is the main risk factor of cardiovascular disease (CVD) in the world. Blood pressure has been focused on as a major CVD symptom for many years, but inflammatory processes and the immune response (including innate and adaptive immune responses) have been proved to play an important role in the pathogenesis of hypertension, participating in the elevation of blood pressure and end organ damage. Infiltration of immune cells (monocytes/macrophages, T lymphocytes) in perivascular fat, kidney and myocardium, increased expression of adhesion molecules and chemokines, and ROS generation are consistent features of hypertension (Prat et al., 2021; Zhang et al., 2021).
It has been proved that SphK1 is involved in the occurrence of pulmonary arterial hypertension (PAH) based on the over-expression of SphK1 in vascular smooth muscle cells (VSMC) and lymphocytes of patients with PAH, and the symptoms of PAH were alleviated in SphK1 knockout mice rather than SphK2 (Pyne and Pyne, 2017; Yang et al., 2019). Thus, SphK1/S1P signaling is a novel pathway in the inflammatory mechanism of PAH. Over-expression of SphK1 activates SphK1/S1P signaling to regulate S1P production, resulting in a concentration gradient change of S1P between tissues and blood (high in tissues and low in circulation), which promotes T cells to be excreted from lymphoid tissues and recruited to inflammation sites under the regulation of S1PR1 expressed on T cells. The S1PRs modulator FTY-720 has been shown to be effective in treating experimental hypertension by inhibiting S1PR1 mediated T cell outflow (Don-Doncow et al., 2019). In addition, SphK1 over-expression in VSMC increased IL-6 and signal transducer and activator of transcription (STAT)1 gene expression and up-regulated the expression levels of pro-inflammatory factors IL-8/33 and chemokines CXCL-6/8, as was found in PAH patients (Hirafuji et al., 2002; Bai et al., 2021). SphK1 not only participates in the inflammatory process in hypertension, but also plays a regulatory role in the process of vascular damage. Inhibition of SphK1 has therapeutic significance because of the high residual risk of hypertension caused by vascular damage and cardiac dysfunction. NO synthesized by endothelial cells acts as a vasodilator resists vasoconstriction induced by the sympathetic nervous system, and regulates the function and survival of T cells as a component of innate immunity, playing an important role in vascular damage and immune system in hypertension (Hu et al., 2020). PF-543 reduced inhibitory eNOS phosphorylation at T495 site and improved endothelial function in arteries from hypertensive mice. Although the mechanism is not clear, down-regulation of STAT3, protein kinase C (PKC) and ERK1/2 was observed in VECs (Józefczuk et al., 2020). Therefore, inhibition of SphK1 may be a promising target to solve the residual cardiovascular risk of hypertension.
The concept that atherosclerosis is an inflammatory disease is based on the finding that atherosclerotic lesions are rich in immune competent cells and produce large amounts of pro-inflammatory cytokines (Pedro-Botet et al., 2020). The accumulation of low density lipoprotein in arterial intima is the initial event of atherosclerosis. Accumulation of lipoproteins on the epithelium leads to local inflammation as well as expression of adhesion molecules, such as vascular cell adhesion protein 1 (VCAM-1). Monocytes are recruited and differentiated into macrophages under the action of granulocyte-macrophage colony-stimulating factor (GM-CSF), and VSMCs also differentiated into macrophage-like cells. Macrophages become the predominant cell population in atherosclerotic plaques due to continuous recruitment, differentiation, and local proliferation. DCs, mast cells, neutrophils and T cells are also present in the lesions, although not as commonly as macrophages (Wolf and Ley, 2019). TNF-α rapidly activates SphK1 in monocytes leading to the expression of adhesion factor, which has been shown to play a key role in the early stages of atherosclerosis pathogenesis (Zhi et al., 2006). Abnormally activated SphK1 has been shown to stimulate superoxide production in monocytes and neutrophils, which is inhibited by DHS to reduce inflammation (Vaidya et al., 2019). Macrophage apoptosis is considered to be a key step in the formation of unstable plaque in atherosclerotic. Macrophage apoptosis is inhibited by FTY-720 and PF-543 through cross-talk of macrophage polarization and autophagy and S1P signal, which helps to prevent the formation of unstable plaque (Sun et al., 2018; Zhu et al., 2020). Furthermore, activation of SphK1 is essential in vascular inflammation mediated by inflammatory cytokines such as TNF-α. Abnormal activation of SphK1 induced by TNF-α increased the expression of adhesion factor, leukocyte influx and VSMC proliferation. The survival, proliferation and migration of VCEs are regulated by SphK1/S1P signal, which is the cause of vascular inflammation (Chen et al., 2004).
Neurological Disease: Alzheimer’s Disease
AD, a progressive and irreversible neurodegenerative disorder, which is the most common cause of dementia disease. The main pathological features of AD are the extracellular deposition of Aβ, neurofibrillary tangles (NFT) caused by hyperphosphorylated tau protein deposition, and extensive neuronal loss (Busche and Hyman, 2020). For a long time, neuroinflammation associated with AD has been considered to be only a response to pathophysiological events. However, new data from clinical studies have confirmed that inflammation and immune system mediated effects actually contribute to the pathogenesis of AD, including various immune cells, inflammatory cytokines and chemokines. Firstly, accumulated Aβ can activate immune related transcription factors (NF-κB) and produce inflammatory mediators (TNF-α, COX-2, iNOS) by binding to inflammatory receptors (TLR2, TLR4), indicating that Aβ is part of up-regulated physiological acute innate immunity (Newcombe et al., 2018). Secondly, neuronal inflammatory signals directly activate neuronal protein kinases and phosphatases, such as ERK and protein phosphatase 2A (PP2A), which regulate tau protein phosphorylation and neuronal microtubule assembly. Nervous system resident cells, such as microglia, eventually lead to cell functional damage and neuronal loss under this chronic inflammatory environment (Webers et al., 2020). The classical amyloid hypothesis and inflammatory mechanism drive the development of AD together.
The changes of sphingolipids and their metabolites in the brain, as well as their effects on neuronal homeostasis and immune system, provide a new strategy for understanding neurodegenerative diseases. The imbalance of Cer/S1P was observed from the earliest stage of clinically identifiable AD. The increase of pro-apoptotic Cer and the decrease of pro-survival S1P lead to the deposition of Aβ and apoptosis (Haughey et al., 2010). The cell fate and the relative level of these three mutually convertible sphingolipid metabolites are strongly affected by SphKs activity. There are different reports on the role of SphK1 in the pathogenesis of AD, especially in the production of Aβ. Aβ production was reduced in SphKs inhibitor treatment, SphKs knockdown or SPL over-expression. Here, the role of SphKs inhibitors is to reduce the production of S1P, prevent S1P specifically binding to full-length BACE1 and increase its proteolytic activity to reduce the production of amyloid (Takasugi et al., 2011). However, subsequent studies found that decreased SphK1 expression and increased of SPL expression in neurons were related to Aβ deposition in the AD brain. That is Aβ deposits are directly involved in the reduction of S1P by regulating the expression and activity of SphK1 and may ultimately alter the balance of death and survival, which is conducive to the neurodegenerative process (Ceccom et al., 2014). Consistent evidence is that SphKs inhibitors exacerbate cell death and increase Aβ deposition (Gassowska et al., 2014; Wang and Yang, 2021). Compared with the role of SphK1, dysregulation of SphK2 may have a more significant impact on AD lesions and progression. The increase (Takasugi et al., 2011) or decrease (Couttas et al., 2014) of SphK2 in different regions of AD brain lead to the controversial role of SphK2, but the intracellular localization of SphK2 seems to explain the complexity of regulation and function. The balance of SphK2 between cytoplasm and nucleus is destroyed in AD. Specifically, the decrease of pro-survival SphK2 in cytoplasm is negatively correlated with Aβ deposition, which promotes the pathogenesis of AD. The increased expression of SphK2 preferentially located in the nucleus of AD brain may be harmful to the pathogenesis of AD, which may be related to the destruction of the protective effect of retinoic acid (Dominguez et al., 2018).
In addition, as a natural immune cell of the central nervous system, microglia activation is considered to be one of the causes of neuroinflammation in various neurodegenerative diseases. SphK1 is over-expressed in microglia under inflammatory environment and promotes the expression and production of pro-inflammatory factors TNF-α, IL-1 and NO, which can be inhibited by DMS (Bryan et al., 2008; Lee et al., 2018). The increased expression of SphK1 also occurred in ischemia-induced neurons, and SphK1 inhibition attenuated neuroinflammation (Su et al., 2017). However, SphK1 negatively regulates the reduction of specialized pro-resolving mediators (SPM) and the aggravation of neuroinflammation (Lee et al., 2020). SPM has a strong role in promoting decomposition, resulting in the cessation of immune cell infiltration, down-regulation of pro-inflammatory mediators and up-regulation of anti-inflammatory mediators, as well as promoting phagocytosis and tissue regeneration (de Wit et al., 2020). These different findings make us realize that there is not only a positive effect on SphKs inhibition as a therapeutic strategy for AD.
In recent years, a large number of studies have confirmed that FTY-720 has shown therapeutic effect on nervous system diseases other than multiple sclerosis (Bascuñana et al., 2020). The widespread expression of S1PRs provides evidence for the beneficial effect of FTY-720, including neurons, astrocytes, microglia and immune cells. The regulation of FTY-720 on S1PRs not only inhibited the infiltration of immune cells, but also affected the synaptic function of astrocytes and microglia, thereby exerting anti-neuroinflammatory effects (Kartalou et al., 2020; Yin et al., 2021). In addition, FTY-720 also showed specific effects, such as down-regulating the expression of Cer to reduce Aβ production, so as to reduce a neurotoxicity and neuronal death (Jęśko et al., 2020).
Digestive Disease: Inflammatory Bowel Disease
IBD is an intestinal immune inflammatory disease caused by intraluminal bacteria. Crohn’s disease and ulcerative colitis (UC) are two clinical manifestations of IBD characterized by chronic recurrent intestinal inflammation. Although the etiology of IBD remains largely unknown, it involves complex interactions between genetic, environmental or microbial factors and immune response (Czubkowski et al., 2020). The common feature of IBD immune response is that mast cells, monocytes, macrophages and neutrophils invade the colonic epithelial layer, and then amplify the inflammatory process. Dysfunctional mucosa promotes the infiltration of immune cells into the gastrointestinal tissue, and then various pro-inflammatory pathways are activated, including ROS, arachidonic acid, TLR and TNF-α signal (Wallace et al., 2014).
Sphingolipid signalling was found to be one of the key mediators in the pro-inflammatory mechanisms of IBD since over-expressed SphK1 and high concentrations of S1P in plasma, lymphocytes of patients with gastrointestinal cancer (Degagné and Saba, 2014; Sukocheva et al., 2020b). Increased SphK1 and S1PR1 were detected in the inflammatory mucosa of UC patients, and PF-543 inhibited the inflammatory response in UC mice. Notably, over-expression of SphK1 and S1P has been shown to promote proliferation of intestinal epithelial cells (IEC) by enhancing c-Myc expression, inducing pro-inflammatory cytokines secretion to promote monocyte macrophage proliferation via JAK2/STAT3 signaling (Abdin, 2013; Liu and Jiang, 2020). Moreover, the different cellular localization of SphK1 is critical for the downstream effects. Haematopoietic cell-derived SphK1 regulates circulating S1P concentrations, which in turn stimulate neutrophilia, splenic lymphocyte egress and systemic inflammation. SphK1 located in extrahematopoietic cells (such as IEC) is involved in the regulation of COX-2 expression mediated by TNF-α signaling (Furuya et al., 2017). IBD is a prominent example of the link between chronic inflammation and cancer, and one of the consequences of persistent inflammation is colitis associated cancer (CAC). Over-expressed SphK1 is more prevalent in patients with CAC (Yuza et al., 2018). The expression of pro-inflammatory markers of CAC (such as CXCL1/2) and S1P tissue concentration decreased after treatment with SphK1 selective inhibitor LCL351, preventing leukocyte recruitment and reduce neutrophil infiltration. In addition, SphK1 and S1P activated by STAT3 in IEC act as upstream mediators of pro-inflammatory cytokines IL-6 and STAT3, which in turn activate SphK1/S1P signal (Liang et al., 2013; Park et al., 2020). This axis maintains STAT3 activation in IEC through a positive feedback loop. Therefore, sphingolipid signaling, especially SphK1, may be a therapeutic target for IBD and CAC.
Immune System Disease: Rheumatoid Arthritis
RA is a chronic, destructive and autoimmune disease characterized by excessive inflammation of joint tissue, chronic inflammatory infiltration of the synovium, and microvascular formation, which eventually leads to the destruction of bone and cartilage (Testa et al., 2021). The inflammatory environment of RA joint is composed of many kinds of cells, including fibroblast-like synovial cells (FLS) and VECs, as well as immune cells, such as T and B cells, macrophages and monocytes. The production of inflammatory cytokines by activated cells mediates the interaction between cells, such as TNF-α, IL-1β, IL-6 and so on (Yang et al., 2016).
The abnormally high expression of SphK1 has been found in the synovial fluid of RA patients, and S1P levels were also significantly higher than in patients with osteoarthritis (Lai et al., 2012). In addition, SphK1−/− mice showed significantly reduced synovitis and joint pathology, and PF-543 and FTY-720 have also been shown to exert therapeutic effects against inflammation and angiogenesis in RA by regulating SphK1 and S1P/S1PRs signals, respectively (Bougault et al., 2017; Wang et al., 2021). S1P/S1PRs signals are involved in the biological function changes of RA, including FLS proliferation, migration, inflammatory cell infiltration, and induced COX-2 expression and PGE2 production (Baker et al., 2011). The dynamic balance between pro-/anti-angiogenic factors was disrupted in abnormally proliferating FLS and VECs, synovial microvascular neogenesis was induced by VEGF mediated SphK1/S1P/S1PR1. PF-543 exert an anti-angiogenic effect by inhibiting SphK1 (Sun et al., 2020; Deng et al., 2021). The inflammatory microenvironment of synovium is produced by a large number of inflammatory cells infiltration, which is characterized by up-regulated cytokines, such as TNF-α, IL-1β and IL-6 (Kuwabara et al., 2017). Matrix metalloproteinase-9 (MMP-9) release from macrophages and neutrophils is thought to play a key role in inflammatory cell migration and cartilage matrix erosion (Yuan et al., 2014), while SphK1 inhibition reduce the release of cytokines and MMP-9 in monocytes and alleviate synovitis. These results clearly indicate that the potential of SphK1 inhibition not only reduces synovial inflammation, but also improves immune cell infiltration and angiogenesis.
DEVELOPMENT OF SPHINGOSINE KINASE 1 INHIBITORS
In recent years, SphK1 has been increasingly recognized as a major driver of various inflammatory diseases and cancers, and there is great interest in inhibiting over-expression of human SphK1 (hSphK1) as an anticancer therapy. However, the drug design of SphK1 inhibitors has inherent complexity due to the diversity of SphKs functions and its important role in normal physiology.
The hSphK1 gene is located in 17q25.2, and there are three major isoforms, SphK1a, SphK1b, and SphK1c, respectively. SphK1a is mainly involved in extracellular signal transduction, whereas SphK1b and SphK1c are anchored to the plasma membrane. SphK1 consists of N-terminal (NT) and C-terminal (CT) domains, including 9 a-helices, 17 b-strands, and 310 helices, whereas the catalytic domain is located in the gap between the two domains (Wang et al., 2013). The two-domain structure of SphK1 belongs to phosphofructokinase (PFK)-like superfamily and has no similarity with protein kinase or other lipid kinases (such as PI3K). Although SphK1 shares the same protein fold with DGKs, NAD kinases, which also belong to the PFK superfamily. However, lipid molecules deeply bind to the protein through the unique folding of lipid binding cavity CTD, conferring the substrate specificity of SphK1 (Garavaglia et al., 2004). In addition, the motifs contained in the five conserved domains have specific binding sites closely related to their functions, such as active sites, nucleotide binding sites, magnesium ion binding sites, calcium/calmodulin coupling sites, lipid binding sites, and phosphorylation/dephosphorylation sites (Wang et al., 2013). Among them, adenosine triphosphate (ATP)-binding motif allows the transfer of γ-phosphoryl from ATP to D-erythro sphingosine to produce S1P. It has been demonstrated that SphK1 binding sites occupy a J-shaped channel, whether substrate Sph or inhibitors (such as PF-543) (Li et al., 2021). The crystal structures of PF-543 and Amgen 82 which bind to SphK1, indicate that the aminoalcohol portion is oriented toward the ATP binding pocket and interacts with two key aspartate residues that are critical for enzyme activity via hydrogen bonds. The discovery of the crystal structure of SphK1 plays an important role in the development of SphKs inhibitors. Although the structure of SphK1 has been confirmed, the specific function and molecular mechanism, such as activation by translocation, or the interactions between different isoforms and other molecules, remain poorly understood.
There has been great interest in drugs targeting SphK1 as a potential target due to the importance of SphK1 in inflammatory immune related-diseases. SphK1 inhibitors have been studied extensively, from molecular structure to pharmacological effects. Next, we review SphK1 inhibitors, including selective SphK1 inhibitors, dual SphK1/2 inhibitors and other compounds with inhibitory activity.
SPHINGOSINE KINASE 1 SELECTIVE INHIBITORS
Sphingosine Analogues
SK1-I
SK1-I (BML258), 1 (2R, 3S, 4E)-N-methyl-5-(4-pentylphenyl)-2-aminopent-4-ene-1, 3-diol, is sphingosine analogues discovered in 2008 by Paugh et al. (Figure 3A) (Paugh et al., 2008). SK1-I is a competitive and selective SphK1 inhibitor with Ki value of 10 μM (Pitman and Pitson, 2010), and has been widely used to elucidate the role of SphK1 in cancer. In the mouse model of breast cancer, SK1-I decreased serum S1P level, stimulated cancer cell apoptosis, and reduced angiogenesis and lymphangiogenesis (Nagahashi et al., 2012). SK1-I also reduced S1P levels and increased the expression of Cer derivatives in human leukemia U937 cells by inhibiting SphK1, which is related to the decrease of ERK1/2 and Akt signals (Paugh et al., 2008). Recent studies have shown that SK1-I increased the transcriptional activity of tumor suppressor protein TP53 and the expression of pro-apoptotic members of the downstream BCL2 family, thereby enhancing autophagy and cancer cell death (including colon cancer and breast cancer) in a SphK1 dependent manner (Lima et al., 2018). In addition, SK1-I negatively regulates the expression of MMPs and cell migration and invasion, which is related to the alleviation of various pregnancy related diseases (Chahar et al., 2021). Compared with other SphK1 inhibitors, SK1-I has high solubility and allowed its delivery in vivo, which makes it an ideal SphK1 inhibitor and used in a wide range of animal models. However, some studies have found that SK1-I plays a cytotoxic role in AML models (Paugh et al., 2008), suggesting that more research is needed for the cytotoxic effects to be applied in disease treatment.
[image: Figure 3]FIGURE 3 | Structures of selective SphK1 inhibitors.
LCL351/146
LCL351 and LCL146 are potent SphK1 inhibitors that are Sph analogues. Unlike the Sph structure, their polar head amino group is replaced by a guanidine group. The chemical names are L-erythro-2-N-(1’-carboxamidine)- sphingosine hydrochloride and D-erythro-2-N-(1’-carboxamidine)-sphingosine hydrochloride, respectively (Figure 3B). They act as two erythro diastereoisomers, showing different inhibitory potency due to different stereochemistry at C2 and C3 positions. LCL351 was found to be more potent than LCLl46, suggesting a stereochemical interaction with target cells. LCL351 was identified as a SphK1 selective inhibitor with Ki values of 5 and 50 μM against SphK1 and SphK2, respectively. In vitro studies showed that LCL351 induced SphK1 degradation and had no effect on cell death and cell cycle, thus it may not cause side effects (Sharma, 2011). Studies in a mouse model of IBD found that LCL351 reduced plasma S1P levels as well as the expression of pro-inflammatory cytokine, alleviated neutrophil infiltration and immune responses, and exerted therapeutic effects (Pulkoski-Gross et al., 2017).
6ag/9ab/12aa
This novel class of SphK1 selective inhibitors was engineered on the basis of Sph to design a series of compounds that replace the aminodiol headpiece of Sph with a serine amide (Figure 3C). Such a structure not only increases the affinity of new molecules to SphK1, the carboxylic acid of serine also provides a convenient synthetic site to bind various mimetics for the lipophilic tail of Sph. The activity was significantly increased when L-threonine was used as the polar headpiece, and the resulting compound 6ag was nearly 10 times higher. To explore the effect of the distance between the terminal alcohol and the amide group, a series of compounds were prepared and found that the greater the distance, the lower the inhibitor potency. Moreover, the potent of S-enantiomer 9ab was approximately 40 times that of R-enantiomer (50 nM vs. 2.2 μM), indicating that the stereochemistry of homoserine analogues has a significant effect on activity. Compound 12aa is a modification of the polar headpiece with 3-hydroxyproline that is much more potent. In this series of inhibitors, the amide functionality was critical for inhibitor potency and significantly more potent than the previously reported SphK1 inhibitor N, N-dimethylsphingosine. Although no more studies on this series of compounds have been reported, 3-hydroxyproline provides more possibilities for the development of selective inhibitors to improve the activity and ADME properties in vitro (Xiang et al., 2009).
Amidine Inhibitors
VPC96091
The design and biological activity evaluation of a series of amide SphKs inhibitors were reported by Frank W et al. (Figure 3D) (Foss et al., 2009). It is worth noting that VPC45129 is the first alcohol compound with significant activity on SphK1. This special compound containing alcohol is attractive because few synthetic analogues are active on SphK1. Compound VPC94075 has dual inhibitory effects on SphK1 and SphK2 with Ki values of 55 and 20 μM, respectively, and has the effects of reducing S1P level and anti-proliferation in vitro. Therefore, a series of amidine-based compounds were synthesized and optimized as SphKs inhibitors with VPC94075 as the leading compound.
VPC96091, an effective selective SphK1 inhibitor, was found to be further developed through the above inhibitors. It chemical name is (S)-1-(4-dodecylbenzoyl)pyrrolidine-2-carboximidamide hydrochloride, which is characterized by a terminal α-substituted amino group linked with 4-alkyl phenyl via amide bond. The Ki values for SphK1 and SphK2 were 0.10 and 1.50 μM, respectively. Selective inhibition of SphK1 by VPC96091 reduced epidermal growth factor (EGF) driven S1P levels and increased Akt/ERK phosphorylation in human leukemia U937 cells and mice model (Kharel et al., 2011). In the patent reported by the University of Virginia, a series of SphKs inhibitors with amide bonds are described, including aminooxime analogues 5. It is different from VPC96091 because the terminal α-substituted amino group is linked by a linear alkyl group (University of Virginia Patent Foundation, 2014). The conversion of amidines into amidoximes can improve the oral bioavailability of drugs according to the prodrug principle (Kotthaus et al., 2011).
SLP7111228
SLP7111228, an effective selective inhibitor of SphK1 with Ki value of 48 nM, which was obtained after modification of SphK2 inhibitor SLP120701. Its chemical name is (S)-2-((3-(4-octylphenyl)-1,2,4-oxadiazol-5-yl)methyl)pyrrolidine-1-carboximidamide hydrochloride and its structure is based on guanidine, which was published by Patwardhan et al. (Figure 3E) (Patwardhan et al., 2015). Studies have confirmed that SLP7111228 can reduce the level of S1P in U937 cells, and the same effect has been proved in vivo studies of mice and rats models. Another compound in the same series, SLP080801, is defined as a selective SphK2 inhibitor that improves S1P levels in the circulation of mice (Kharel et al., 2012). The inhibition or gene deletion of SphK2 is the key to the increased accumulation of S1P in the blood, but its mechanism is still unclear. This suggests that this increase may be regulated by the dynamic balance between SphK1 and SphK2, which are responsible for the synthesis and elimination of S1P in the blood in some way.
Compound 28
Compounds 23 and 28 are the most interesting of the amido derivatives, which are derived from VPC45129 step by step (Figure 3F). Mathews et al. found moderate inhibition of SphKs after catalytic ring-opening and re-arrangement. Then, the methyl group was replaced by cyclopropyl ring to increase the steric bulk of the junction region, and some cyclopropyl derivatives with different tail lengths were evaluated in order to determine the optimal tail length. It is worth noting that these compounds retain the unique chemical properties of amides, which is very important for inhibitory potencies. Finally, an effective dual SphK1/2 inhibitor (Compound 23) and an effective selective SphK1 inhibitor (Compound 28) were identified after evaluating the inhibitor potency, selectivity and in vitro activity of the inhibitors. The Ki values of compound 23 for SphK1 and SphK2 were 0.2 and 0.5 μM, respectively. Compound 28 showed good selectivity for SphK1, with Ki values of 0.3 μM for SphK1 and 6 μM for SphK2. Specificity evaluation did not find the inhibitory effect of the two compounds on diacylglycerol kinases (γ, δ1, ζ) and protein kinase C family, PKC α. The availability in smooth muscle cell-based disease models demonstrates the pharmacodynamic potential of these novel SphKs inhibitors. In addition, more studies have begun to identify pharmacophores related to aminosphingosine kinase inhibitors (Mathews et al., 2010).
Piperidine Analogue
Compound 82
Compound 82 is a selective SphK1 inhibitor obtained by optimizing the structure of dual SphK1/2 inhibitor SKI-Ⅱ. It competitively inhibits SphK1 with IC50 of 0.02 and 0.10 μM for SphK1 and SphK2, respectively (Figure 3G) (Gustin et al., 2013). Hydrogen bonds are formed by the aminoalcohol portion of compound 82 and two key residues of Asp in SphK1, which play a key role in the interaction between the compound and the target molecule, just like PF-543 (Wang et al., 2013). Asp178 forms hydrogen bonds with nitrogen on the piperidine ring and hydroxyl outside the piperidine ring, respectively. Asp81 also forms hydrogen bonds with hydroxyl on the piperidine ring. In addition, in vivo and in vitro pharmacokinetic parameters showed good mean residence time (MRT) and the bioavailability of 32% (Gustin et al., 2013). Pharmacological studies have shown that compound 82 can reduce the level of S1P in human breast and melanoma cell lines, but has no effect on the growth of tumor cells (Rex et al., 2013). Unfortunately, these results have not been confirmed in vivo studies.
RB-005
RB-005, chemical name 1-(4-octylphenethyl)piperidin-4-amine, is a derivative obtained from the route of synthesizing FTY-720 from 4-octylphenylethanol (Figure 3H) (Baek et al., 2013a). RB-005 was identified as a selective SphK1 inhibitor based on Sph with IC50 of 3.6 µM. The compound has an n-octylphenyl group linked in a 2-carbon tether to the nitrogen of 4-hydroxypiperidine. This small change in tertiary amine structure is responsible for supporting that RB-005 maintains the selectivity for SphK1. The hydroxyl groups and size of heterocycles are also crucial for selectivity, such as RB-042, which is converted into a dual inhibitor of SphK1/2 with the IC50 of 2 µM for both isoforms. The specificity of RB-005 for SphK1 was established by a study that found that RB-005 induced SphK1 proteasome degradation in human pulmonary artery smooth muscle cells, which was reversed by proteasome inhibitor MG132 (Baek et al., 2013b). Other studies found that RB-005 inhibition of Cer synthase has an effect on lung and heart remodeling in the hypoxic model of pulmonary hypertension mice (MacRitchie et al., 2016). However, more evidence is needed to prove that the affinity for SphK2 and other bioactive enzymes.
Compound 1/2/3
These are a series of selective inhibitors of SphK1 based on the framework of 2-piperidine thiazole, which were published by Merck Serono (Figure 3I) (Frank, 2013). These compounds are usually occupied by a 5,5,8,8-tetramethyl tetralin (Compound 1) at the 4-position of thiazole ring. On this basis, the structure is modified to achieve the goal of additional diversity by linking piperidine at 1-position, replacing piperidine with piperazine and various alkyl groups (Compound 2), or replacing pentaaryl group in previous patents with 2,6-disubstituted pyridine (Compound 3). The publisher has declared that the IC50 value of the above series of compounds is in the range of 1–1,000 nM, but the Ki value has not been described. Therefore, it is difficult to compare the potency of the target compound without specific IC50 and Ki values. Unfortunately, it is unclear whether the action of such compounds is competitive with ATP or Sph, or non-competitive, nor is the use of these SphK1 inhibitors mentioned. But it is exciting that the patent mainly states the treatment of these SphK1 inhibitors for cancer and RA, which makes people look forward to the research on mechanism and pharmacological activity in the near future (Lynch et al., 2016).
Pyrrolidine Analogue
PF-543
PF-543, developed by high throughput screening and medicinal chemistry optimization, is the most effective selective SphK1 inhibitor described so far (Figure 3J). Its selectivity is 100 times higher than that of SphK2 (Ki = 4.3 nM) discovered and reported by Pfizer (Schnute et al., 2012). Its chemical name is (2R)-1-[[4-[[3-Methyl-5-[(phenylsulfonyl)methyl]phenoxy]methyl]phenyl]methyl]-2-pyrrolidinemethanol hydrochloride, belonging to pyrrolidine analogues. Structurally, the basic skeleton of the compound is composed of a tertiary amine which form part of pyrrolidine ring, and the rest maintains the same 1,2-amino alcohol motif as Sph. A recent study shows that pyrrolidine inhibitors, especially with 2-hydroxymethylpyrrolidine structure, may be the key to the inhibitory potency (Li et al., 2021). Subsequently, the crystal structure of a hSphK1 binding to PF-543 was reported by Wang et al. (2014b). It was clarified that the inhibitor was bound in the SphK1 substrate pocket with a J-shaped structure. Specifically, the terminal phenylsulphonyl ring occupied the hydrophobic pocket formed by residues, including Phe374 and Leu347, 354 and 405. The (R)-2- (hydroxymethyl) - pyrrolidine head group is rotated to match the lipid primary hydroxyl group for phosphorylation, in which the hydroxyl and pyrrolidine nitrogen forms hydrogen bonds with the side-chain of Asp264. Finally, the central aromatic ring and its substituted methyl groups interact with Phe and Leu respectively. However, toluene group did not seem to be an essential group, which has no significant effect on SphK1 inhibition and anticancer activity (Kim et al., 2020). Compared with SphK2, SphK1 has three different residues in lipid binding sites, of which Phe374 and terminal phenyl ring may be the most closely bound part. The substitution of Cys in SphK2 by Phe374 may be an important reason for the high selectivity to SphK1 rather than SphK2.
PF-543 induced protein degradation of SphK1, which reduced the level of S1P and increased Sph. However, PF-543 had no effect on Cer level, suggesting that the lack of the ability to induce apoptosis (Byun et al., 2013; Wang et al., 2013). A recent study has proved that PF-543 reduces apoptosis in the lungs of mice after acute ethanol intoxication, and inhibits neutrophil infiltration and the release of inflammatory cytokines to reduce lung injury (Chen et al., 2021b). As the most effective SphK1 inhibitor so far, PF-543 can inhibit inflammation in RA model (Deng et al., 2021), ulcerative colitis model (Liu and Jiang, 2020) and mouse pulmonary hypertension hypoxia model (Ha et al., 2020) in vivo and in vitro, mainly by inhibiting the release of inflammatory cytokines and the change of cell biological function. In addition to inflammatory response, PF-543 plays a therapeutic role in angiogenesis in the pathogenesis of RA and microvascular leakage induced by sepsis (Zhong et al., 2020). Although these evidences show the beneficial effects of PF-543 on the pharmacological inhibition of SphK1, it is worth noting that the administration concentration of PF-543 needs to be further confirmed to ensure the specificity of SphK1.
CHJ01
A recent study found that a SphK1 selective inhibitor CHJ01 showed a unique therapeutic effect on RA. CHJ01 is an analogue of jaspine B, which is a naturally occurring anhydrophytosphingosine derivative isolated from the Okinawan marine sponge Pachastrissa sp. and Jaspis sp (Figure 3K). It can reduce intracellular S1P level and increase Cer level by inhibiting SphK1 (Kuroda et al., 2002; Salma et al., 2009). The hydrochloride of CHJ01 obtained by structural optimization has a good inhibitory effect on SphK1, but almost no inhibitory effect on SphK2 with the IC50 of 8.89 µM. Structurally, the replacement of the furan ring by a pyrrole ring in CHJ01 may account for the stronger activity. Pharmacological experiments showed that CHJ01 exhibited anti-inflammatory effects similar to those of methotrexate in vitro and in vivo by reducing the swelling volume, arthritis score, spleen index and IL-1β, TNF-α, IL-6 levels in arthritis model rats, which contributed to the significant improvement of RA symptoms (Chen et al., 2021a).
Compound 51
A series of potent SphKs inhibitors based on an N-(5-alkyloxadiazol- 3-yl)benzyl)-3-hydroxypyrrolidine-2-carboxamide scaffold proposed by Genzyme, structurally similar to PF-543 but with better metabolic stability (Figure 3L) (Xiang et al., 2010). For example, the pyrrolidine group`of compound 17 was replaced by a hydroxyl group instead of methanol, in contrast to PF-543. Further optimization of compound 17 by Xiang et al. found that shortening of the straight alkyl chain leads to loss of inhibitor viability. In order to maintain activity, the attachment of a two-carbon alkyl linker between the oxadiazole ring and the carbocyclic ring increased activity as well as solubility. The resulting compound 51 is characterized by a cyclopentethyl group attached on the oxadiazole ring, chemical name (2S,3S)-N-((S)-1-(4-(5-(2-cyclopentylethyl)-1,2,4-oxadiazol-3-yl)phenyl)ethyl)-3-hydroxypyrroli-dine-2-carboxamide, showed excellent inhibitory effect on SphK1 with the IC50 of 0.058 μM. The pharmacokinetics study of compound 51 found the moderate oral bioavailability, qualified half-life in blood circulation, and good internal clearance, particularly for human liver microsomes (Table 1).
TABLE 1 | SphK1 inhibitors and potential functions.
[image: Table 1]DUAL SPHK1/2 INHIBITOR
Non-Lipid Small Molecules
SKI-I
SKI-I, (N’-[(2-hydroxy-1-naphtyl)methylene]-3-(2-naphthyl)-1H-pyrazole-5-carbohydrazide), is also a competitive Sph inhibitor of SphK1, which was found by French et al. (Figure 4A) (French et al., 2003). SKI-I inhibit SphK1 competitively with IC50 of 1.2 μM, but it also inhibit SphK2 with similar affinity, and cross react with ERK2, PKC and PI3K (Hengst et al., 2010). Many in vitro and in vivo studies showed that SKI-I not only down-regulates S1P level and up-regulates Cer level, but also induces apoptosis and autophagy in T24 bladder cancer cells and mouse embryonic fibroblast (Young et al., 2012). In addition, the compound showed anti-tumor activity in mouse melanoma and breast cancer xenograft models (French et al., 2006).
[image: Figure 4]FIGURE 4 | Structures of dual SphK1/2 inhibitors.
SKI- Ⅱ(SKi)
SKI-Ⅱ, 2-(p-hydroxyanilino)-4-(p-chlorophenyl)thiazole, was identified from a high throughput screening by French et al. (Figure 4B) (French et al., 2003). As non-lipid small molecule compound with dual SphK1/2 inhibitors, SKI-Ⅱ showed stronger inhibitory effect of SphK1 than SphK2 (Ki (SphK1) = 16 μM, Ki(SphK2) = 8 μM). Similar to SKI-I, SKI-Ⅱ attenuates SphK1 signaling by triggering lysosomal degradation of SphK1 in different cell types, mainly by binding to an allosteric site, which is different from the enzyme sites promoting polyubiquitination and proteasome degradation of SphK1 (Loveridge et al., 2010; Ren et al., 2010). SKI-Ⅱ has no inhibitory effect on ERK2, PKC and PI3K compared with SKI-I. SKI-Ⅱ induces apoptosis and inhibits proliferation and migration by increasing Cer/Sph and reducing S1P levels (Bien-Möller et al., 2016; Sun and Wang, 2021). The effect of reducing inflammation and acute myeloid leukemia (AML) in vivo has been reported due to oral bioavailability of SKI-Ⅱ (Yang et al., 2015). Recent studies have shown that SKI-Ⅱ inhibit the activity of dihydroceramide desaturase-1 (Des1) with Ki of 0.3 μM, which is related to the prevention of oxidative stress (Cingolani et al., 2014; Noack et al., 2014). SKI-Ⅱ stabilize the redox sensitive transcription factor nuclear factor-erythroid-2-related factor 2 (Nrf2) and play a protective role in diseases caused by oxidative stress by destroying the negative regulator Keap1 (McNaughton et al., 2016). Aurelio et al. further proved that the anti-proliferative effect of SKI-Ⅱ and its analogues is mainly due to Des1 inhibition rather than the binding of allosteric sites (Aurelio et al., 2016).
MP-A08
MP-A08, chemical name 4-methyl-N-[2-[[2-[(4-methylphenyl)sulfonylamino]phenyl]iminomethyl]phenyl]benzenesulfona-mide, found by homology modeling of the ATP binding site of SphK1 (Figure 4C) (Pitman et al., 2015). MP-A08 is an ATP competitive dual SphK1/2 inhibitor with corresponding Ki values of 27 and 7 μM. This indicates that MP-A08 targets both SphK1 and SphK2, but has higher affinity for SphK2. Some SphKs inhibitors, such as SKI-Ⅱ and PF-543, have been found to inhibit SphK1 in cells by targeting proteasome degradation, which seems to be a feature of many Sph competitive SphKs inhibitors. However, MP-A08 had no effect on SphK1 degradation, which further proved that the inhibitor had higher affinity with SphK2. On the other hand, early SphK1 inhibitors mostly acted against the Sph binding pocket, which is highly likely to have off-target effects due to the molecular structure retaining Sph characteristics (Cingolani et al., 2014). Whereas the selectivity for SphK1 and SphK2 is higher than other kinases, because MP-A08 targeting the ATP-binding pocket is structurally different from protein kinases and almost all other lipid kinases. In brief, MP-A08, an inhibitor developed to target the ATP-binding pocket of SphK1, which not only takes advantage of the known divergence of the SphK1 ATP-binding site from other protein kinases to improves selectivity, but also overcomes off-target effects common to molecules like Sph. MP-A08 increased Sph and Cer levels and decreased S1P levels, shifting tumor cells from an anti-apoptotic, pro-proliferative to a pro-apoptotic and anti-proliferative phenotype and blocking the survival of multiple cancer cell lines (Pitman et al., 2015).
Lipid Small Molecules
DHS (Safingol)
The D, L-threo-dihydrosphingosine (DHS), a SphK1 competitive inhibitor with Ki of 3–6 μM, is the first SphK1 inhibitor reported in the literature (Figure 4D) (Coward et al., 2009). Later studies have shown that this compound can also participate in sphingolipid metabolism pathway as SphK2 substrate, and inhibit other kinases (such as PKC-α), to produce other non-target effects. DHS, also known as Safingol, has a large number of experimental researches before clinical trials. It enhances the anti-tumor effect of various chemotherapeutic drugs (such as doxorubicin) in vitro by inducing apoptosis (Schwartz et al., 1997). As the first SphKs inhibitor to enter clinical trials as an anticancer agent, it has obvious anticancer activity in vitro and can be safely administered in combination with cisplatin (Dickson et al., 2011).
DMS
DMS, N,N-dimethyl-D-erythro-sphingosine, is the first direct SphKs inhibitor with Ki of 16 μM at SphK1, which is similar to DHS (Figure 4E) (Yatomi et al., 1996). It blocks the activity of the two isozymes by competing with the natural substrate Sph. DMS inhibit the growth of tumor, induce apoptosis of cancer cells, and block PKC signaling (Edsall et al., 1998). In addition, DMS has been shown to inhibit SphK2 and ceramide kinase (CerK), which makes it unable to act on SphK1 specifically. Although the inhibitors have been found to have therapeutic effects on many types of cancer cells and tumors in vitro and in vivo, but severe hemolysis in mice is triggered (Sweeney et al., 1996; Sah et al., 2021). Obviously, the non-targeting effect of sphingolipid analogue inhibitors makes it unable to be an ideal SphKs inhibitor (Table 1).
OTHER SPHINGOSINE KINASE 1 INHIBITORS
SKI-178
SKI-178, N’-[1-(3,4-dimethoxyphenyl) ethylidene]-3-(4-methoxyphenyl)-1H-pyrazole-5-carbohydazide, is an analogue of SKI-I (Figure 5A). SKI-178, as a non-lipid small molecule SphK1 selective inhibitor, binds to ATP non-competitively and inhibits the activity of SphK1 selectively, with Ki of 1.33 μM. This compound inhibits the role of SphK1 in tumorigenesis and progression in vivo and in vitro due to the high selectivity and low toxicity. It was found that SKI-178 also target SphK2 to induce apoptosis of AML cell line and microtubule destruction by cell thermal shift assay (CETSA) analysis (Dick et al., 2015; Hengst et al., 2017). This team modified the “linker region” between the substituted phenyl rings of SKI-178 to obtain SKI-349, which showed a logarithmic improvement in SphKs inhibitory potency and therapeutic efficacy on AML model (Hengst et al., 2020b).
[image: Figure 5]FIGURE 5 | Structures of other SphK1 inhibitors.
SK-F
SK-F is a selective SphK1 inhibitor obtained by structural analysis of three known SphK1 inhibitors, SKI-178, 12aa and SK1-I (Figure 5B). Electrostatic and van der Waals field points for each conformation of the three SphK1 inhibitors were calculated, and features of these molecular field patterns common to them were extracted in the form of field templates, searching for patterns related to polar headgroups, and designing new compounds. The resulting new compound SK-F was shown to be a potent SphK1 inhibitor by SphK1 activity assays in vitro. The compound SK-F effectively reduced cancer cell viability in vitro and sensitized mouse mammary tumors to docetaxel in vivo without significant systemic toxicity (Alshaker et al., 2018).
SLC4011540
This is a SphKs inhibitor of guanidine compounds containing aminothiazole (Figure 5C). The skeleton of the compound is an oxadiazole phenyl ring with an aminothiazole structure and a guanidine scaffold as head group. SLC4011540, a dual SphK1/2 inhibitor, Ki of 120 nM for SphK1 and Ki of 90 nM for SphK2. This class of dual SphK1/2 inhibitors are characterized by the presence of an electron-deficient phenyl ring, and this substitution may establish interactions with residues Cys533, His556, and Tyr566 at the end of the binding pocket. In addition, the exocyclic NH of the aminothiazole ring interacted with the target via hydrogen bonding. SLC4011540 effectively reduced the S1P level of U937 cells (a lymphoma bone marrow cell line expressing two SphKs isoforms) and Sph remained unchanged, indicating that this compound has cell permeability and effectively inhibits SphKs activity in cells (Childress et al., 2017).
B-5354C/F-12509a
The non-Sph analogues F-12509a and B-5354C were isolated by extraction from a discomycete, Trichopezizella barbata and a novel marine bacterium, respectively (Figure 5D). The structure of F-12509a is a sesquiterpene quinone consisting of a drimane moiety and a dihydroxybenzoquinone. Similar to DMS, F-12509a competitively inhibited SphK1 with Ki of 18 μM, suggesting that the sesquiterpene moiety of F-12509a can mimic a Sph conformation when bound to the active site of SphK1. F-12509a increased Cer accumulation and decreased S1P level by inhibited SphK1 (Bonhoure et al., 2006). On the other hand, the structure of B-5354C is a ester of 4-amino-3-hydroxybenzoic acid with a longchain unsaturated alcohol with Ki of 12 μM. The difference is that B-5354C shows non-competitive inhibition, interacting with domains different from Sph related sites to regulate SphK1 activity (Cuvillier, 2008).
11b
The compound is a series of compounds with SphKs inhibitory activity synthesized by SKI- Ⅱ as the starting structure and designed by molecular modeling based on PF-543 (Figure 5E) (Vettorazzi et al., 2020). Firstly, the structure containing quinoline pharmacophore was designed based on SKI-Ⅱ. Unfortunately, the naphthyl residue located in the hydrophobic part did not enhance the efficacy, according to Gustin et al. (2013). Next, a new linker between the polar head and the hydrophobic tail was found to extend the structure, which can better combine with SphK1 crystal to improve the affinity. 11b shows selective inhibition on SphK1 with IC50 of 3.1 μM. We can find that the hydrophobic part of the molecule has the substituent of naphthalene ring, and the interaction with Asp178 (important residues anchored by ligands in SphKs active site) may be more advantageous for the inhibitory effect by comparing the structure. This structure and potential function has not been verified at the cellular level. However, the development of new inhibitors, such as the location and potential role of functional groups, can provide new strategies for the screening and structural optimization of inhibitors.
Balanocarpol
Balanocarpol, as a dimer of resveratrol, was extracted and isolated from dried leaves of H. dryobalanoides (Figure 5F) (Lim et al., 2012). Balanocarpol was found to act as an inhibitor of SphK1 due to the inhibition of SphK1 activity and down-regulation of expression. Balanocarpol is a Sph competitive inhibitor of SphK1 with Ki of 160 ± 40 μM, although this represents a relatively low potency. Pharmacological studies found this concentration to be consistent with that inducing cancer cell apoptosis (Nakagawa et al., 2001). Balanocarpol induced down-regulation of SphK1 activity and expression in prostate cancer cells, the mechanism may involve changes in the SphK1 protein turnover, as has been shown for other SphK1 inhibitors to induce ubiquitin proteasomal degradation of SphK1 or changes in gene promoter activity (Loveridge et al., 2010). In addition, studies proved that balanocarpol may bind to only one catalytic site in the SphK1 dimer and exert inhibitory effects. The resveratrol tetramer, di-balanocarpol, inhibited cell proliferation potently more than balanocarpol, which supports the statement that the inhibitory potency of balanocarpol is enhanced by dimerization (Sahidin et al., 2005) (Table 1).
DISCUSSION
S1P is the first sphingolipid metabolite to attract attention due to its involvement in many important cellular processes as a bioactive mediator. S1P exerts different or even completely opposite roles through five specific GPCRs. There has been interest in SphKs as the only way to catalyze the generation of S1P, acting like a housekeeper to maintain sphingolipid-rheostat homeostasis to determine cell fate. The role of SphK1 is more clear than SphK2 with the development of research. SphK1 is abnormally activated (or inhibited) in the disease state. SphK1, which is no longer expressed stably, cannot maintain the balance of sphingolipid-rheostat, and the normal physiological level and homeostasis of internal environment are broken. It was found that SphK1 expression and activity are mostly up-regulated in a variety of pathological conditions, and SphK1 and SphK1/S1P signal is mainly involved in regulating inflammatory responses and inflammatory mediators. SphK1 mediates the secretion of inflammatory cytokines through related pathways, such as TNF family, ILs, chemokines, and adhesion molecules. It is involved in the regulation of various immune cell functions, such as proliferation, migration, activation, and intercellular interactions to regulate inflammatory response. Therefore, SphK1 is up-regulated in inflammatory immune related-diseases, including hypertension, atherosclerosis, AD, RA and various types of cancers, and becomes a new target for the treatment of diseases.
Interestingly, SphK1 also plays a protective role in some diseases different from the pathogenic role mentioned above. In Oxygen–Glucose Deprivation/Reoxygenation (OGDR)-induced cardiomyocyte injury, SphK1 agonist K6PC-5 increased intracellular S1P level and significantly inhibited OGDR-induced cardiomyocyte death. Inhibition of SphK1, whether pharmacological inhibition or SphK1 siRNA knockdown, aggravates cytotoxicity and invalidates the protective effect of K6PC-5. Mechanism studies showed that over-expression of SphK1 inhibited mitochondrial death induced by OGDR, including the production of ROS and the decrease of mitochondrial membrane potential (Shao et al., 2015). These results indicate that the over-expression of SphK1 can inhibit cardiomyocyte death and protect ischemic heart disease. It was also found that the up-regulated SphK1 could protect neurons from the effects of OGDR by inhibiting the programmed necrosis of neurons (Liu et al., 2018). The death of both cardiomyocytes and neurons is induced by the destruction of mitochondrial function. We reasonably speculate that SphK1 may play an important protective role in OGDR-induced mitochondrial death pathway. In addition, the protective effect of SphK1 was also found in Huntington disease (HD), a neurodegenerative disease with peripheral complications such as disturbance of gastrointestinal homeostasis. SphK1 expression was significantly reduced in the small intestine of R6/2 mice (a transgenic animal model of HD), which was consistent with observation in brain tissue (Di Pardo et al., 2017; Di Pardo et al., 2019). The up-regulation of SphK1 expression or treatment with K6PC-5 can maintain the integrity of intestinal vascular system, increase the expression of autophagy markers and alleviate progressive motion defects related to disease progression through in vivo and in vitro research (Di Pardo et al., 2020). The molecular mechanism of the protective effect of K6PC-5 on HD mice may depend on the correlation between SphK1 and autophagic flux. Although the above focuses on the over-expressed SphK1 in the disease state and the therapeutic effect of SphK1 inhibitors, we cannot ignore the protective effect of SphK1 in some diseases based on the therapeutic effect of K6PC-5 on ischemic heart disease and HD. Specifically, pathogenic SphK1 is involved in the pathogenesis of most inflammatory diseases, showing an increase in SphK1 expression or activity. SphK1 inhibitors reduce SphK1 expression or activity and play a therapeutic role in this case. However, the up-regulated SphK1 improves the other diseases (such as ischemic heart disease and HD), which is characterized by the decrease of SphK1 expression or activity in the disease state. This completely opposite effect is defined as the protective effect of SphK1. SphK1 agonists up-regulate the expression or activity of SphK1 and play a therapeutic role, while inhibitors aggravate the disease (Figure 6).
[image: Figure 6]FIGURE 6 | Relationship between the expression and activity of SphK1 and dual role in disease. SphK1 plays different roles in different diseases. In most inflammatory diseases, the increase of pathogenic SphK1 expression intensifies the development of the disease, and SphK1 inhibitors play a therapeutic effects. The decreased expression or activity of SphK1, which has a protective effect in other diseases, contributes to the development of the other diseases (such as ischemic heart disease and HD). Therefore, normal SphK1 level is very important for the stability of body function.
Whether it is pathogenic or protective, drugs targeting SphK1 aim to restore the balance of SphK1 expression or activity, which is consistent with the concept of “Soft regulation of inflammatory immune responses (SRIIR)” in immune inflammatory response (Wei, 2016). Inflammatory immune response is a physiological or excessive systemic response caused by inflammatory immune cells based on the changes of internal and external environment. The significance of SRIIR is to control the excessive activity of inflammatory immune related cells, restore the balance of inflammatory cytokines, and improve inflammatory diseases without damaging normal physiological function. At present, anti-inflammatory and immune drugs in clinical treatment show good therapeutic effects on inflammation related diseases, such as non-steroidal anti-inflammatory drugs, glucocorticoids, immunosuppressants and botanical drugs, but will have adverse side effects on the body. The goal of SRIIR drugs is to selectively regulate the balance of specific protein expression or activity, minimize adverse side effects, restore normal cell function and achieve homeostasis.
Although SphK1 and SphK2 have overall homology and common product S1P, some studies have found that SphK2 seems to show different functions from SphK1. For example, SphK1 and SphK2 have completely opposite regulatory effects in the inflammatory arthritis. SphK1 siRNA treatment significantly reduced the severity of the disease, while SphK2 siRNA treatment had no effect on the disease. However, ABC294640 (SphK2 selective inhibitor) leads to more severe arthritis (Lai et al., 2009; Xu et al., 2014). For SphK2, the difference in inflammatory phenotype between genetic inhibition and pharmacological inhibition is probably due to the difference between the rapid acute inhibitory effect induced by the dosage of inhibitors and the lifetime lack of genetic induction. SphK1 and SphK2 have redundant functions to compensate each other to achieve basic functions. Therefore, more rigorous evidence is needed for the development and research of selective inhibitors to avoid off-target effect and prove target specificity. This urgent need is due to the failure of iniparib in phase Ⅲ clinical, a PARP inhibitor as an anticancer drug, where iniparib was shown not to inhibit PARP activity but rather to non-selectively modify cysteine residues (Liu et al., 2012). Some studies have verified the target of existing SphK1 inhibitors and found that they also have affinity for another isotype (SphK2) at high concentration (micromolar level) (Hengst et al., 2020a). Therefore, the concentration of inhibitors should be carefully selected and combined with molecular tools to improve the preciseness and repeatability of the study when involves the differentiation of two enzyme isomers or the study of the biological function of one isomer.
In conclusion, SphK1 mediates a variety of functions of inflammatory cells, regulates the secretion of inflammatory factors, participates in the process of related diseases, and plays an important role in inflammatory and immune related-diseases. SphK1 inhibitors have been shown to improve cell biological function and disease symptoms by mediating inflammation and immune response. Therefore, SphK1 is becoming a new target for the development of relevant innovative drugs as a key regulator for the treatment of inflammatory and immune related-diseases.
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Tumor protein D52-like 2 (TPD52L2) belongs to the members of the TPD52 family. TPD52L2 was reported to regulate proliferation and apoptosis in cancer cells. However, its role in lung adenocarcinoma (LUAD) was uncertain. We evaluated the expression, methylation, copy number alteration, and prognostic significance of TPD52L2 using RNA-seq data from The Cancer Genome Atlas (TCGA). Enrichment analysis of TPD52L2 was conducted using the R package “clusterProfiler.” We further assessed the association between TPD52L2 and immune cell infiltration level, immunosuppressive genes, and tumor mutational burden (TMB). The difference of gene mutant frequency in high- and low-TPD52L2 groups was also analyzed. The results showed that TPD52L2 was over-expressed and predicted worse survival status in LUAD. We also found that TPD52L2 expression was positively associated with the infiltration levels of immunosuppressive cells, such as regulatory T cells (Tregs) and tumor-associated macrophages (TAMs), and negatively correlated with immune killer cells, such as CD8+ T and NK cells in pan-cancer, including LUAD. In addition, TPD52L2 expression was associated with immunosuppressive genes and TMB. High expression of TPD52L2 was with more mutant frequency of TP53. In summary, our results show that TPD52L2 is an oncogene and a potential prognostic biomarker in LUAD. High TPD52L2 expression is a possible indicator of immune infiltration and associated with tumor immunosuppressive status in LUAD.
Keywords: TPD52L2, biomarker, lung adenocarcinoma, prognostic, immune infiltration, immunosuppressive
INTRODUCTION
Lung cancer is one of the most common malignant tumors, and more than 80% of them are non-small-cell lung cancer (NSCLC). Lung adenocarcinoma (LUAD) is the most frequent subtype of NSCLC worldwide, and the morbidity of LUAD has surpassed lung squamous carcinoma in recent years (Ferlay et al., 2018; Cao et al., 2020). Although target therapy and immunotherapy have improved the prognosis of LUAD patients, the five-year survival is still at a low level (Ferlay et al., 2019; Jurisic et al., 2020). Therefore, it is vital to indicate how to develop further effective therapeutic strategies to improve the survival of LUAD patients.
The tumor microenvironment (TME) refers to the environment where tumor cells originate and develop and is one of the main causes of malignant cancer occurrence and progression (Gajewski et al., 2013). Inflammatory cells make up a significant proportion of the overall tumor mass, and among them, macrophages, called tumor-associated macrophages (TAMs), which are particularly abundant in the TME, could alleviate tumor immunity and promote tumor progression (Li et al., 2019). In recent years, cancer immunotherapy has become a prominent cancer treatment, especially immune checkpoint inhibitors (Barbee et al., 2015). However, most patients of LUAD are still not sensitive to immune checkpoint inhibitors (Wang et al., 2020). Recent studies have shown that the remodeling of TME plays an important role in the development of LUAD, weakening the response of LUAD patients to immunotherapy (Jiang et al., 2021). Thus, the identification of essential genes that could affect the TME is urgently needed.
The tumor protein D52 (TPD52) family reportedly plays an important role in the proliferation and metastasis of various cancer cells (Sims et al., 2007; Ummanni et al., 2008; Abe et al., 2021). TPD52 family proteins are also considered novel candidate target proteins since these proteins are expressed in many types of cancers (Byrne et al., 2014). TPD52L2, a member of the TPD52-like protein family, is highly expressed and linked to poor prognosis in several types of cancers (Cheung et al., 2008; Ren et al., 2017; Qiang et al., 2018). In addition, TPD52L2 was also reported to regulate proliferation, apoptosis, and vehicle trafficking in a variety of tumors, including glioma (Wang et al., 2014), pancreatic adenocarcinoma (Chen et al., 2017), prostate cancer (Ren et al., 2017; Chi et al., 2018), and glioblastoma (Qiang et al., 2018). For example, the evaluated expression of TPD52L2 could accelerate the proliferation and invasiveness of glioma cells by regulating WNT signaling (Qiang et al., 2018), which provides a theoretical basis for the application of new medicine in tumor targeted therapy. However, the role of TPD52L2 in LUAD remains unclear, especially its correlation with the TME.
In our study, we comprehensively analyzed the role of TPD52L2 using pan-cancer data from TCGA database in 33 cancers, including expression, prognostic values, DNA methylation, copy number alteration (CNA), and mutation status of TPD52L2. The correlation between TPD52L2 expression and the infiltration level of immune cells, tumor mutational burden (TMB), and immunosuppressive genes was further evaluated in LUAD. This study revealed the potential role of TPD52L2 in tumor immunology and its prognostic value, which will propose a new target for tumor therapy.
MATERIALS AND METHODS
Data Source
The RNA-seq data and corresponding clinical data of The Cancer Genome Atlas (TCGA), Genotype-Tissue Expression (GTEx), and Cancer Cell Line Encyclopedia (CCLE) were downloaded from the UCSC XENA website (https://xenabrowser.net/datapages/). The gene mutation data were obtained from the UCSC XENA website. The methylation and copy number of TPD52L2 were downloaded from the cBioPortal database (https://www.cbioportal.org/). The sample sizes from TCGA and GTEx databases are supplied in Supplementary Table S1.
Prognostic Analysis
Univariate Cox regression (uniCox) and Kaplan–Meier analyses were conducted to explore the influence of TPD52L2 on the survival of patients with pan-cancer using R packages “survminer” and “survival.” Overall survival (OS), disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI) were evaluated.
Correlation Analysis and Enrichment Analysis
The correlation between TPD52L2 expression and all protein-coding mRNAs was analyzed in LUAD from TCGA cohort. The mRNAs correlated with TPD52L2 (Pearson’s correlation coefficient, p < 0.05) were ranked and subjected to gene set enrichment analysis (GSEA) using the R package “clusterProfiler.”
Correlation Between TPD52L2 Expression and Immune Cell Infiltration
Two methods were used to assess the correlation between TPD52L2 expression and the infiltration level of immune cells. For the first method, we obtained the infiltration level of immune cells from a published work, which scores the infiltration level of 26 immune cells using “CIBERSOFT” (Thorsson et al., 2018). For the second method, we downloaded the infiltration data of 24 immune cells from the ImmuCellAI database (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/).
Correlation Between TPD52L2 Expression and Tumor Mutational Burden (TMB) and Immunosuppressive Genes
TMB scores were determined for all samples based on somatic mutation data from TCGA and the correlation between TPD52L2 expression and TMB analyzed using Spearman’s rank correlation coefficient. In addition, we analyzed the correlation between TPD52L2 expression and immunosuppressive genes. In addition, the gene mutation data of LUAD were obtained from the UCSC XENA website and analyzed using the R package “maftools.”
RESULTS
Pan-Cancer Expression of TPD52L2
Firstly, we explored the expression of TPD52L2 in 33 tumor types using TCGA and GTEx data. The results revealed that TPD52L2 expression was significantly increased in 19 of 33 tumor types, including bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), colon adenocarcinoma (COAD), cholangiocarcinoma (CHOL), glioblastoma multiforme (GBM), head-and-neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), brain lower grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), rectum adenocarcinoma (READ), stomach adenocarcinoma (STAD), testicular germ cell tumor (TGCT), thymoma (THYM), and uterine carcinosarcoma (UCS), while it was only lowly expressed in esophageal carcinoma (ESCA), acute myeloid leukemia (LAML), pancreatic adenocarcinoma (PAAD), thyroid carcinoma (THCA), and uterine corpus endometrial carcinoma (UCEC) (Figure 1A). The difference analysis results are supplied in Supplementary Table S2. To assess TPD52L2 expression only in tumor tissues, we observed that TPD52L2 was highest in sarcoma (SARC) and lowest in LIHC (Figure 1B). In normal tissues from the GTEx database, the results revealed that TPD52L2 expression was highest in blood vessels and lowest in the pancreas (Figure 1C). As for tumor cell lines, we found that TPD52L2 expression was highest in mesothelioma (MESO) cell lines using data from the CCLE database (Figure 1D).
[image: Figure 1]FIGURE 1 | Expression of TPD52L2. (A) Pan-cancer expression of TPD52L2. (B) TPD52L2 expression in tumor tissues from TCGA cohort. (C) TPD52L2 expression in normal tissues from the GTEx cohort. (D) TPD52L2 expression in cancer cell lines from the CCLE cohort. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
We further evaluated TPD52L2 expression in paired tumor and normal tissues and various tumor stages. TPD52L2 expression was upregulated in tumor tissues in CHOL, COAD, ESCA, HNSC, KIRC, KIRP, LIHC, LUAD, LUSC, PAAD, READ, and STAD (Figures 2A–L). In contrast, TPD52L2 was lowly expressed in tumor tissues of KICH and PRAD (Figures 2M,N). In addition, TPD52L2 expression was higher in relatively worse tumor stages in adrenocortical carcinoma (ACC), BLCA, BRCA, LIHC, and LUAD, while it was lower in relatively worse tumor stages in KICH (Figures 2O–T).
[image: Figure 2]FIGURE 2 | Expression of TPD52L2 in paired tumor and adjacent normal tissues. (A–N) TPD52L2 expression in paired tumor and adjacent normal tissues from TCGA in indicated tumor types. (O–T) TPD52L2 expression in various tumor stages in indicated tumor types. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Gene Alteration of TPD52L2
We further evaluated the mutation, CNA, and methylation status of TPD52L2 in pan-cancer. We found that the genomic alteration frequency of TPD52L2 was more than 2% in NSCLC patients, in which “amplification” was the primary type (Figure 3A). For the correlation between TPD52L2 and CNA, we found that TPD52L2 expression was positively correlated with CNA in LUAD (r = 0.48, p = 1.38E-30) (Figure 3B). We further proved that the promoter methylation level of TPD52L2 has little relationship with TPD52L2 expression (r = -0.04, p > 0.05) in LUAD (Figure 3C).
[image: Figure 3]FIGURE 3 | Gene alteration of TPD52L2. (A) Mutation and CNA status of TPD52L2 in TCGA-pan-cancer using the cBioPortal database. (B) Correlation between TPD52L2 expression and CNA. (C) Correlation between TPD52L2 expression and DNA methylation.
Prognostic Significance of TPD52L2
To evaluate the prognostic significance of TPD52L2 in pan-cancer, we performed the Kaplan–Meier analysis and uniCox. For the Kaplan–Meier analysis of OS, we observed that the evaluated TPD52L2 expression predicted worse OS of patients in 20 of 33 tumors in TCGA cohort, including ACC, BLCA, BRCA, COAD, GBM, HNSC, KIRC, KIRP, LAML, LGG, LIHC, LUAD, LUSC, MESO, OV, PAAD, PRAD, SKCM, THCA, and THYM (Figure 4).
[image: Figure 4]FIGURE 4 | Prognostic significance of TPD52L2 for OS of patients. (A–T) Kaplan–Meier OS results of TPD52L2 in pan-cancer. The best cutoff of TPD52L2 expression was set as a cut-off value. Only significant results are shown.
In addition, the uniCox OS results indicated that TPD52L2 was a risk factor in ACC, BLCA, BRCA, HNSC, LAML, LGG, LIHC, LUAD, LUSC, MESO, PRAD, and THCA (Figure 5A). For DSS results, TPD52L2 was a risk factor in ACC, BLCA, BRCA, HNSC, KIRC, LGG, LIHC, LUSC, MESO, PRAD, and THCA (Figure 5B). For the DFI, high TPD52L2 expression predicted shorter DFI times in patients with LIHC and MESO (Figure 5C). For the PFI, high TPD52L2 expression predicted a worse PFI status in patients with ACC, BLCA, HNSC, KIRC, LGG, LIHC, LUSC, MESO, and PRAD (Figure 5D).
[image: Figure 5]FIGURE 5 | Prognostic significance of TPD52L2 for OS, DSS, DFI, and PFI of patients. (A–D) uniCox results of TPD52L2 in pan-cancer for OS (A), DSS (B), DFI (C), and PFI (D) of patients. Red color represents significant results (p < 0.05).
GSEA of TPD52L2
Next, we conducted the GSEA to predict the pathways TPD52L2 might involve in. The genes correlated with TPD52L2 (p < 0.05) were ranked and used to perform GSEA (Figures 6A,B). We analyzed the Gene Ontology (GSEA-GO), Kyoto Encyclopedia of Genes and Genomes (GSEA-KEGG), and reactome pathway (GSEA-Reactome) terms using the R package “clusterProfiler” in LUAD (Figures 6C–E). The GSEA-GO results revealed that TPD52L2 was enriched in the function of “RNA splicing, via transesterification reactions” and “G2/M transition of mitotic cell cycle” terms. For GSEA-KEGG, TPD52L2 was associated with “Spliceosome” and “RNA transport” terms. For the results of GSEA-Reactome, we found that TPD52L2 was associated with cell cycle and immune-regulation–related pathways, such as “G1/S Transition,” “Cell Cycle,” “Adaptive Immune System,” and “Innate Immune System.”
[image: Figure 6]FIGURE 6 | GSEA of TPD52L2. (A) Expression of top 50 genes positively correlated with TPD52L2 expression in LUAD. (B) Expression of top 50 genes negatively correlated with TPD52L2 expression in LUAD. (C) The top 20 GSEA-GO results are shown in LUAD. (D) The top 20 GSEA-KEGG results are shown in LUAD. (E) The top 20 GSEA-Reactome results are shown in LUAD.
Immune Cell Infiltration Analysis of TPD52L2
To prove the immune-regulation function of TPD52L2, we downloaded the infiltration level of 26 immune cells from the published research (Thorsson et al., 2018). The results of the correlation analysis suggested that TPD52L2 expression was positively correlated with TAMs and M2-like TAMs in LUAD (Figures 7A,B). We further obtained the 24 immune cells from the ImmuCellAI database. The results of the correlation analysis suggested that the expression level of TPD52L2 was positively correlated with immunosuppressive cells, such as Tregs and TAMs in LUAD. In contrast, TPD52L2 expression was negatively correlated with immune killer cells, including natural killer (NK) cells and CD8+ T cells in LUAD (Figures 7C,D).
[image: Figure 7]FIGURE 7 | Immune infiltration analysis. (A) Correlation between TPD52L2 expression and infiltration levels of 26 immune cells downloaded from a published work in pan-cancer. Red represents positive correlation, blue represents negative correlation, and the darker the color, the stronger the correlation. (B) Correlation between TPD52L2 expression and indicated immune cells downloaded from a published work in LUAD. (C) Correlation between TPD52L2 expression and infiltration levels of 24 immune cells from ImmuCellAI in pan-cancer. (D) Correlation between TPD52L2 expression and indicated immune cells in the ImmuCellAI cohort in LUAD.
We further proved that TPD52L2 expression was positively correlated with immunosuppressive genes in pan-cancer (Figure 8A), such as cluster of differentiation 274 (CD274), nectin cell adhesion molecule 2 (NECTIN2), transforming growth factor beta-1 (TGFB1), and transforming growth factor beta receptor-1 (TGFBR1). These results revealed that patients with high TPD52L2 expression might be in a relatively immunosuppressive environment.
[image: Figure 8]FIGURE 8 | Correlation between immunosuppressive genes. (A) Correlation between TPD52L2 expression and immunosuppressive genes. (B) Correlation between TPD52L2 expression and TMB values. *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.
Correlation With Tumor Mutational Burden (TMB)
TMB values have essential connections with the sensitivity of ICIs. Therefore, we analyzed the correlation between TPD52L2 and TMB values and revealed that TPD52L2 was positively correlated with TMB values (Figure 8B).
Gene Mutant Frequency in High- and Low-TPD52L2 Groups
Because the prognosis of patients with high expression of TPD52L2 is worse than that of patients with low expression of TPD52L2, we speculated whether the expression of TPD52L2 is related to the mutations of some common cancer-promoting genes, so we further analyzed the gene mutations (such as TP53, MUC16, and TTN) in high and low TPD52L2 expression groups (Figures 9A,B). We proved that the expression of TPD52L2 was potentially related to the mutation of TP53, MUC16, and TTN genes. For example, there are 252 samples and 251 in high and low TPD52L2 expression groups (high and low expression groups according to the median score of TPD52L2 expression), of which 119 and 86 samples have TP53 mutation, so the mutation frequency of TP53 in TPD52L2 high and low expression groups is 47 and 34%. The TP53 mutation frequency was higher in the high TPD52L2 expression group (p = 0.0037, Supplementary Table S3).
[image: Figure 9]FIGURE 9 | Gene mutant frequency in high- and low-TPD52L2 groups. (A) Gene mutant frequency (top 10) in the high TPD52L2 expression group. (B) Gene mutant frequency (top 10) in the low TPD52L2 expression group.
DISCUSSION
The tumor protein D52 (TPD52) family has important biological functions in several cancers (Balleine et al., 2000; Wang et al., 2016). TPD52L2, also known as TPD54 and D54, is a member of the TPD52 family (Boutros et al., 2004). Recent research shows that the expression levels of TPD52L2 were upregulated in prostate cancer tissues, andincreased TPD52L2 expression is associated with clinical progression and poor prognosis in patients with prostate cancer, suggesting that TPD52L2 may be a potential prognostic marker for patients with prostate cancer (Ren et al., 2017). A previous study demonstrated that knockout of TPD52L2 inhibits glioma cell proliferation by arresting cells in the G0/G1 phase (Wang et al., 2014). However, the expression pattern and biological role of TPD52L2 in LUAD have not been studied until now.
In our study, we firstly assessed the expression of TPD52L2 and found TPD52L2 expression was higher in tumor tissues compared with normal tissues in LUAD. In addition, TPD52L2 expression was higher in relatively worse tumor stages in LUAD. Meanwhile, the “amplification” of TPD52L2 CNA occurs most frequently in LUAD. Next, we found that TPD52L2 expression was positively correlated with CNA in LUAD, indicating that the CNA status mainly contributes to the high expression of TPD52L2. An elevated TPD52L2 expression predicted poorer OS of patients with LUAD. These results suggest that TPD52L2 may serve an important role in the onset and development of LUAD. We performed the GSEA and found that TPD52L2 was associated with cell cycle and immune-regulation–related pathways, such as “G1/S Transition,” “Cell Cycle,” “Adaptive Immune System,” and “Innate Immune System.” These results indicated that cell cycle and immune-regulation function of TPD52L2 may induce the poorer survival status of patients with LUAD.
Furthermore, we further explored the potential role of TPD52L2 in regulating the TME. Increasing evidence has revealed that the level of immune cell infiltration in the TME is a critical determinant in tumor development and therapeutic response of cancer (Suzuki et al., 2021). These infiltrating immune cells, such as tumor-associated macrophages (TAMs) and regulatory T cells (Tregs), could promote cancer progression and immune escape by secreting several inflammatory cytokines and chemokines (Cully, 2018). Thus, we further performed a correlation analysis between immune cell infiltration levels and TPD52L2 expression. The results suggested that TPD52L2 was positively correlated with TAM and Treg infiltration, indicating that TPD52L2 influences the prognosis of patients with LUAD probably via its interaction with infiltrating immune cells. TGFB1 has been proved as the most predominant immune-suppressing molecule in the TME. TGFB1 can inhibit the generation, differentiation, and function of effector T cells, as well as inducing Treg infiltration into the TME (Woo et al., 2015). CD274, also called programmed cell death ligand-1 (PD-L1), has been widely demonstrated to inhibit anti-tumor immunity (Johnson et al., 2017). Our results showed that TPD52L2 expression was positively correlated with immunosuppressive genes in LUAD, such as CD274, TGFB1, and TGFBR1. These results revealed that high TPD52L2 expression is a possible indicator of immune infiltration and associated with tumor immunosuppressive status in LUAD.
Recent years, TMB has been discovered as a promising biomarker in a variety of tumor immunotherapies and can be used to predict the efficacy of immunotherapy (Devarakonda et al., 2018; Choucair et al., 2020). Those with high TMB expression have been shown to benefit more from immune checkpoint inhibitor therapy (Yarchoan et al., 2017). In addition, we analyzed the correlation between TPD52L2 and TMB values and revealed that TPD52L2 was positively correlated with TMB values. TP53 mutations frequently occur in cancer and are associated with poor prognosis in a wide variety of cancers (Dong et al., 2017). In lung cancer immunotherapy, TP53 mutation can be recognized as a predictor of immunotherapy sensitivity (Skoulidis et al., 2018). We also proved that LUAD patients with high expression of TPD52L2 were with more TP53 mutation rates, suggesting that patients with high TPD52L2 expression may be a suitable biomarker for immunotherapy in LUAD.
In conclusion, our findings revealed that TPD52L2 was upregulated and could act as a prognostic marker in LUAD. High TPD52L2 expression was associated with the infiltration levels of immunosuppressive cells and immunosuppressive genes. These findings demonstrated there was great potential for TPD52L2 acting as a biomarker for prognosis and a target for tumor therapy in LUAD.
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Coronavirus disease (COVID-19) patients with cardiovascular and metabolic disorders have been found to have a high risk of developing severe conditions with high mortality, further affecting the prognosis of COVID-19. However, the effect of hypertension and angiotensin-converting enzyme inhibitors (ACEI) and angiotensin receptor blocker (ARB) agents on the clinical characteristics and inflammatory immune responses in COVID-19 patients is still undefined. In this study, 90 COVID-19 patients were divided into hypertension and nonhypertension groups. The hypertension group was divided into well-controlled and poorly controlled subgroups based on blood pressure levels; moreover, hypertensive patients were also divided into ACEI/ARB and non-ACEI/ARB subgroups according to the administration of ACEI/ARB antihypertensive agents. The clinical characteristics of and inflammatory immune biomarker levels in the different groups of COVID-19 patients were compared, and the association between the combined effect of hypertension with ACEI/ARB antihypertensive agents and the severity of COVID-19 was examined. The results showed that the levels of aminotransferase (AST) and hs-cTnI were higher in the hypertension group compared with the nonhypertension group. The long-term use of ACEI/ARB agents in patients had statistically significantly lower AST, low-density lipoprotein cholesterol (LDL-C), and oxygen uptake and lower white cell count, neutrophil count, and levels of CD4, CD8, CRP, and PCT but without statistical significance. In addition, compared with COVID-19 patients without hypertension, hypertensive patients without the use of ACEI/ARB had a higher risk of developing severity of COVID-19 (for poorly controlled patients: OR = 3.97, 95% CI = 1.03–15.30; for well-controlled patients: OR = 6.48, 95% CI = 1.77–23.81). Hypertension could cause organ damage in COVID-19 patients, but the long-term use of ACEI/ARB agents may be beneficial to alleviate this injury.
Keywords: inflammatory immune responses, hypertension, RAAS blockers, COVID-19, myocardial injury
INTRODUCTION
Coronavirus disease (COVID-19) is caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). It has developed into a high-risk pandemic that has affected the global population. By July 18, 2021, more than 190,000,000 COVID-19 patients have been confirmed worldwide (WHO, 2021). COVID-19 patients with cardiovascular conditions, especially hypertension, have been reported to be at a high risk of developing severe conditions and mortality, in turn affecting the prognosis of COVID-19 (Chen et al., 2020; Zhou et al., 2020; Li et al., 2020; Leung, 2020). Our previous study also provided evidence to confirm this (Xie et al., 2020). Among the well-known pathophysiological elements leading to essential hypertension, the renin–angiotensin–aldosterone system (RAAS) has a vital role (Lu et al., 2015). Many studies have also demonstrated that angiotensin (Ang) II and other components of the RAAS, such as Ang-(1–7) and aldosterone, contribute to the inflammatory response, which suggests that the activation or blockage of the RAAS is related to the inflammatory response in patients with COVID-19 (the RAAS system is presented in Figure 1) (Di Raimondo et al., 2012; El-Hashim et al., 2012). In addition, the dysregulation of immune response in patients with COVID-19 has been demonstrated (Leisman et al., 2020). Therefore, hypertension may contribute to the progression of COVID-19. Moreover, the angiotensin-converting enzyme 2 receptor (ACE2 receptor) in the RAAS is considered to play an important role. As a monocarboxypeptidase, it converts the vasoconstrictor Ang II to Ang-(1–7) and exerts a variety of organ-protective properties (Danser et al., 2020; Serfozo et al., 2020). However, the ACE2 receptor has also been reported to be a functional receptor for coronavirus-induced infection through binding of the spike protein of SARS-CoV-2 and ACE2 (Bosso et al., 2020). Current research has shown that an increase in the ACE2 receptor aids COVID-19 infection (Esler and Esler, 2020). In addition, ACE inhibitors (ACEIs) and angiotensin receptor blockers (ARBs) are widely used as antihypertensive drugs, which can enhance ACE2 expression (Gottlieb et al., 1993; Bauer et al., 1995). However, there is insufficient clinical evidence regarding the negative effects of the long-term use of these drugs in COVID-19 patients. Therefore, arbitrarily adjusting the use of antihypertensive drugs is not recommended (Esler and Esler, 2020)
[image: Figure 1]FIGURE 1 | Schematic diagram of the renin–angiotensin–aldosterone system (RAAS).
In this study, we described the clinical characteristics, inflammatory markers, and outcomes in COVID-19 patients with hypertension. We also preliminarily explored the effect of ACEI/ARB agents on the clinical characteristics of COVID-19. This study provided additional evidence for the beneficial effects of ACEI/ARB agents on COVID-19 in patients with hypertension.
METHODS
Participants
This study enrolled 90 patients with confirmed COVID-19 infection from the Z6 and Z11 infectious departments of the Union Hospital Tongji Medical College of Huazhong University of Science and Technology. Hospital admission varied from February 15, 2020, to February 28, 2020, and information on all cases was recorded on March 14, 2020.COVID-19 was diagnosed based on the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia released by the National Health Commission of the PRC (Wei, 2020). Blood pressure was monitored and measured during hospitalization, with the patient seated. Hypertension was diagnosed either on the basis of blood pressure measurements (systolic blood pressure ≥ 140 mmHg and/or diastolic blood pressure ≥ 90 mmHg) at least twice during the first and second days after hospital admission or on the basis of whether the patient was undergoing hypotensive therapy. Of the enrolled patients, 31 (34.4%) had a confirmed diagnosis of hypertension. According to the current guidelines (Williams et al., 2018), well-controlled hypertension was defined as a blood pressure < 140/90 mmHg during the first and second days after hospital admission in COVID-19 patients with hypertension. Therefore, of the 31 COVID-19 patients with hypertension, 17 were classified as having well-controlled hypertension and 14 were classified as having poorly controlled hypertension. In addition, according to the antihypertensive history before hospital admission, we further divided the hypertension cases into ACEI/ARB (n = 6) and non-ACEI/ARB (n = 25) groups.
Laboratory Confirmation of COVID-19
To diagnose COVID-19, throat swab samples obtained from all patients were subjected to real-time reverse transcriptase–polymerase chain reaction at least twice according to the protocol described previously (Huang et al., 2020). The test was performed by the Union Hospital Tongji Medical College of Huazhong University of Science and Technology.
Classification of COVID-19
The clinical classification of the severity of COVID-19 was based on the Diagnosis and Treatment Protocol for Novel Coronavirus Pneumonia released by the National Health Commission of the PRC (Huang et al., 2020). Mild COVID-19 was defined as patients with mild symptoms and no imaging abnormalities. Moderate COVID-19 was defined as patients with respiratory infection symptoms, such as fever, cough, and pneumonia manifestation on imaging. Severe COVID-19 was defined as patients with a respiratory rate of ≥30 breaths/min, a resting fingertip oxygen saturation of ≤ 93%, or an oxygen partial pressure (PaO2)/fraction of inspired O2 (FiO2) of ≤ 300 mmHg (1 mmHg = 0.133 kPa). Critical COVID-19 was defined as patients with respiratory failure requiring mechanical ventilation, symptoms of shock, or multiple organ dysfunction requiring intensive care. In our study, mild and moderate cases were categorized as the nonsevere group and severe and critical cases were categorized as the severe group.
Data Collection
All data were collected from electronic medical records. Epidemic data included age, sex, signs and symptoms, comorbidities, and medication history. Laboratory findings included routine blood tests, arterial blood gas, cardiac markers, renal and liver function, blood lipid levels, and immune indicators. Computed tomography on admission was performed for radiological assessment. Oxygen inhalation and the use of antibiotics were recorded.
Statistical Analysis
The data analysis was performed using SPSS software version 24.0. Continuous variables with a nonnormal distribution are presented as median (M) and interquartile range (IQR). Discontinuous variables are described as numbers (n) and percentages. Clinical characteristics and inflammatory immune biomarker levels were first compared between COVID-19 patients with different conditions of hypertension. In addition, these comparisons were also performed between COVID-19 patients with different ACEI/ARB use conditions. All comparisons were conducted using nonparametric tests or Fisher’s exact probability tests. All significance levels were further adjusted using the Bonferroni correction for pairwise comparisons among the three groups. Univariate logistic regressions were performed to preliminarily determine the factors associated with the severity of COVID-19. Multivariate logistic regression was conducted to examine the association between the blood pressure control, ACEI/ARB use, and the severity of COVID-19 adjusted according to age and sex. All statistical tests were two-sided, and p-values less than 0.05 indicated statistical significance.
RESULTS
Demographic and Clinical Characteristics of Patients
The median age of the 90 patients was 64.00 years (IQR: 55.50–73.00). Of the included cases, 24 (26.7%) were severe cases. There were 31 (34.4%) patients with hypertension, of which 16 (51.7%) were women and 15 (48.4%) were severe cases. The most documented comorbidities in COVID-19 patients with hypertension were diabetes (32.3%), followed by coronary heart disease (29.0%), heart failure (6.5%), respiratory disease (6.5%), cancer (6.5%), and atrial fibrillation (3.2%). Compared with nonhypertensive patients, the prevalence of diabetes (32.3 vs 11.9%, p = 0.025) and coronary heart disease (29.0 vs 3.4%, p = 0.003) was significantly higher. The most common symptoms of the onset were fever (74.4%) and cough (47.8%) in all COVID-19 patients. In the subgroup of patients with hypertension, 71.0% had fever and 48.4% had cough (Table 1).
TABLE 1 | The comparison of demographic and clinical characteristics, laboratory and radiology findings, clinical measures, clinical outcomes, and severity of COVID-19 among well-controlled, poorly controlled, and nonhypertension groups.
[image: Table 1]There was no statistical difference in sex ratio and age between the well-controlled, poorly controlled, and nonhypertensive groups. The most documented comorbidity among the three groups was diabetes. The well-controlled hypertension group had a significantly higher prevalence of coronary disease, heart failure, and diabetes mellitus than the other two groups. The comparison between well-controlled hypertension and nonhypertension cases showed a statistically significant difference in the prevalence of coronary heart disease (35.3 vs 3.4%) and diabetes mellitus (41.2 vs 11.9%). There was a statistically significant difference in the prevalence of heart failure between patients with poorly controlled hypertension and those without hypertension (14.3 vs 0%). The ratio of severe COVID-19 in the well-controlled hypertension group was significantly higher than that in the nonhypertension group (Table 1).
There was no significant difference in the constituent sex ratio and average age among the ACEI/ARB, non-ACEI/ARB, and nonhypertensive groups. However, the comorbidities of coronary heart disease (28 vs 3.4%, p = 0.004) were significantly higher in the non-ACEI/ARB group. And heart failure (16.7 vs 0%, p = 0.041) was significantly higher in the ACEI/ARB group. In addition, there was also a statistically higher prevalence of coronary heart disease (35.3 vs 3.4%) and heart failure (16.7 vs 0%) in the ACEI/ARB group than in the nonhypertensive group. In terms of signs and symptoms, there was a statistically significant difference in shivering between the ACEI/ARB and nonhypertensive groups (33.3 vs 0%). The ratio of severe COVID-19 in the non-ACEI/ARB group was significantly higher than that in the nonhypertensive group (Table 2).
TABLE 2 | The comparison of demographic and clinical characteristics, laboratory and radiology findings, clinical measures, clinical outcomes, and severity of COVID-19 among ACEI/ARB, non-ACEI/ARB, and nonhypertension groups.
[image: Table 2]Antihypertensive Medication History of Patients With Hypertension
All patients with hypertension were documented using several kinds of antihypertensive drugs. Among patients using ACEI/ARB agents before hospitalization, 3 (50%) used ACEI agents, whereas the other 3 (50%) used ARB agents. Among those not using ACEI/ARB agents, 14 (56%) patients used calcium channel blockers, 5 (20%) used β-receptor blockers, 1 (4%) used adrenoceptor blocking agents, and 3 (12%) used diuretics. In addition, 6 (24%) patients did not use antihypertensive drugs before hospitalization. Moreover, 30 patients received antihypertensive treatment after admission.
The average blood pressure during hospitalization was recorded for each group. The average blood pressure was found to be statistically different between the hypertension and nonhypertension groups. The average blood pressure during hospitalization showed no statistical difference between well-controlled and poorly controlled groups. Similarly, there was also no statistical difference in the average blood pressure during hospitalization for comparison between ACEI/ARB and non-ACEI/ARB groups (Tables 1 and 2).
Laboratory and Radiological Findings
The level of aspartate aminotransferase (AST) was significantly higher in the hypertensive group than in the nonhypertensive group (p = 0.018). And there was borderline significance in the comparison of hs-cTnI levels between the hypertension and nonhypertension control groups (p = 0.057). For the coagulation test and arterial blood gas, activated partial thromboplastin time (APTT) and lactic acid levels were substantially lower in the nonhypertension group than in the hypertension group. In comparison among the three subgroups of well-controlled, poorly controlled, and nonhypertensive groups, the results showed a statistically significant difference in AST levels (Table 1).
For cardiac markers and blood lipid levels, AST showed statistically significant differences among the three groups, ACEI/ARB, non-ACEI/ARB, and nonhypertensive groups (28.00U/L vs 37.50U/L vs 23.00U/L, respectively; p = 0.044). The level of LDL-C was significantly higher in the non-ACEI/ARB group than in the ACEI/ARB group (2.44 mmol/L vs 1.70 mmol/L) (Table 2 and Figure 2).
[image: Figure 2]FIGURE 2 | Summary findings of the impact of ACEI/ARB agents on COVID-19 patients in our study.
Lymphocyte Subsets and Inflammatory Markers
The blood routine, lymphocyte subsets, and inflammatory markers in the three groups of patients were compared. The results of the comparison between the ACEI/ARB, non-ACEI/ARB, and nonhypertensive groups showed no statistical differences in white cell count (5.19/L vs 5.80/L vs 4.96 × 109/L, respectively; p = 0.200), neutrophil count (3.25/L vs 3.55/L vs 3.07 × 109/L, respectively; p = 0.334), and lymphocyte count (1.41/L vs 1.31/L vs 1.22 × 109/L, respectively; p = 0.380) (Table 2 and Figure 2).
Similarly, the comparison for lymphocyte subsets and inflammatory factors between the ACEI/ARB, non-ACEI/ARB, and nonhypertensive groups showed no statistical differences in CD4 (48.14 vs 47.14% vs 43.34%, respectively; p = 0.508), CD8 (17.62 vs 24.03% vs 24.08%, respectively; p = 0.100), IL-6 (16.90 pg/ml vs 9.61 pg/ml vs 8.97 pg/ml, respectively; p = 0.819), C-reactive protein (1.69 mg/L vs 5.10 mg/L vs 2.95 mg/L, respectively; p = 0.487), and procalcitonin (0.08 ng/L vs 0.09 ng/L vs 0.07 ng/L, respectively; p = 0.450) (Table 2 and Figure 2).
Treatment and Clinical Outcomes
Of the 90 patients, 78 were discharged and 12 were transferred to another hospital because of ward closure. The clinical outcomes of COVID-19 patients were as follows: 27 (87.1%) hypertension cases and 51 (86.4%) nonhypertension cases were cured and discharged, and 4 (12.9%) hypertension cases and 8 (13.6%) nonhypertension cases remained in the hospital, including 2 (3.2%) patients requiring intubation and mechanical ventilation. Furthermore, there were no significant differences in oxygen uptake, length of stay, and clinical outcomes among the groups (Table 1).
The comparison of differences in oxygen uptake among the three groups showed statistically significant results (p = 0.017). The nonoxygen uptake cases in the ACEI/ARB group were significantly higher in the pairwise comparison than in the non-ACEI/ARB group (Table 2 and Figure 2).
Severity of COVID-19-Related Factors
Risk factors were identified through univariate logistic regression, which included sex, age, uncontrolled hypertension, and antihypertensive medication history. The results revealed that compared with patients without hypertension, poorly controlled (OR = 3.97, 95% CI = 1.03–15.30, p = 0.045) or well-controlled (OR = 6.48, 95% CI = 1.77–23.81, p = 0.005) hypertension patients who did not use ACEI/ARB antihypertensive agents had a higher risk of developing severe COVID-19. A multivariate logistic regression analysis showed similar findings (poorly controlled hypertension patients without using ACEI/ARB: OR = 4.03, 95% CI = 1.01–16.07; well-controlled hypertension patients without using ACEI/ARB: OR = 6.09, 95% CI = 1.77–26.48) (Table 3).
TABLE 3 | Univariate logistic regression analysis and multivariate logistic regression analysis of severity of COVID-19-related factors.
[image: Table 3]DISCUSSION
This retrospective cohort study initially revealed the clinical characteristics and inflammatory immune responses of COVID-19 patients with and without hypertension. In this study, patients with hypertension were more likely to have increased oxygen demand, myocardial injury, and greater possibilities of developing severe COVID-19, suggesting that hypertension might play an important role in COVID-19. These findings are consistent with the idea that hypertension cases have an increased risk of comorbidity, infection, and multiple organ function damage (Volpe et al., 2015; Qaseem et al., 2017; Guo et al., 2020; Huang et al., 2020). Not only that, in the analysis of different subgroups, the result also showed a difference in the level of AST, LDL-C, and demand for oxygen among subgroups. However, no significant differences in lymphocyte subsets and inflammatory markers were found between the subgroups. These findings are in line with previous studies (Bansal, 2020; Kreutz et al., 2020; Lopes et al., 2021).
Hypertension is an important comorbidity in patients with COVID-19. The immune activation in hypertension patients that was largely augmented under COVID-19 raises a concern about the negative effect of hypertension COVID-19 patients (Trump et al., 2021). In our study, levels of aminotransferase (AST) and hs-cTnI were high in the hypertension group. Although the relationship between myocardial injury and COVID-19 with hypertension is underreported to date, hs-cTnI was to be a gold standard biomarker for diagnosing myocardial injury (Nigam, 2007). So it was theorized that COVID-19 patients with hypertension were more likely to develop myocardial injury. Moreover, people with hypertension also had a higher risk of developing the severity of COVID-19. Considering the impact of hypertension on COVID-19 patients, more attention should be paid to COVID-19 patients with hypertension in clinical practice. In addition, clinicians should pay more attention to the cardiac damage of COVID-19 patients with hypertension and early interventions are warranted.
The RAAS plays a major role in the pathophysiology of hypertension (Lu et al., 2015). SARS-CoV-2 uses ACE2 as a viral entry receptor, (Bosso et al., 2020), although there is no direct evidence for whether the use of RAAS inhibitors is beneficial to the treatment or prognosis of COVID-19. Animal experiments also showed that ACEI/ARBs treatment would increase the ACE2 expression (Trump et al., 2021). It was theorized that these medications could enhance viral binding and cell entry (Esler and Esler, 2020). But in our study, the levels of AST and hs-cTnI were high in the hypertension group, and the long-term use of ACEI/ARB had a statistically significantly lower AST, low-density lipoprotein cholesterol (LDL-C), and oxygen uptake and lower white cell count, neutrophil count, and levels of CD4, CD8, CRP, and PCT but without statistical significance. Contrary to the above theory, the long-term use of ACEI/ARB agents in patients with hypertension might also provide more protection to the lungs and other organs than the nonuse of ACEI/ARB. In addition, the long-term use of ACEI/ARB agents may suppress the inflammatory response in COVID-19 patients. SARS-CoV-2 is driven by ACE2 downregulation, leading to an array of complex and intertwined molecular interactions via at least four axes consisting of the dysregulation of the ACE2/angiotensin II/AT1R axis, attenuation of ACE2/MasR axis, increased activation of ACE2/bradykinin B1R/DABK axis, and activation of the complement cascades, resulting in a tornado of inflammatory cytokine responses (Tisoncik et al., 2012). However, RAAS inhibitors could benefit patients with COVID-19 through their effects on the angiotensin II expression and subsequent increases in Ang-(1–7) and (1–9), which have vasodilatory and anti-inflammatory effects that might attenuate lung injury, myocardial injury, and injury to other organs (Ingelfinger, 2009; Fraga-Silva et al., 2012; Verdecchia et al., 2012; Santos et al., 2013; Arendse et al., 2019). Although the role of RAAS blockers in patients with COVID-19 has not completely been determined, scientific societies have recommended that patients should not discontinue ACEI or ARB therapy during the COVID-19 pandemic (Celutkiene et al., 2020). The results of our study also support this view. Our clinical findings not only provided evidence on the impact of hypertension on COVID-19 but also provided new insights into the benefits of antihypertensive medication on COVID-19.
This study has several limitations. First, it was a retrospective study, and recall bias on testing or diagnosis may occur in some patients. Second, the relatively small number of patients with hypertension who are taking ACEI/ARBs might limit the extension of these results to a broader population. Third, the effect of ACEIs or ARBs on the susceptibility to COVID-19 was not studied because the focus was only on clinical outcomes in patients already been infected. Fourth, the duration and doses of the antihypertensive medication use were not systematically collected.
CONCLUSION
In conclusion, hypertension, especially poorly controlled hypertension, may play an important role in the severity of COVID-19. COVID-19 patients with hypertension are more likely to develop myocardial injury. The long-term use of ACEI/ARB agents might also provide more protection to the lungs and other organs, as well as suppress the inflammatory response in COVID-19 patients with hypertension. These findings suggest that the use of renin–angiotensin system blockers may be beneficial for COVID-19 patients with hypertension.
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Inflammation is a type of defense response against tissue damage, and can be mediated by lymphocytes and macrophages. Fibrosis is induced by tissue injury and inflammation, which leads to an increase in fibrous connective tissue in organs and a decrease in organ parenchyma cells, finally leading to organ dysfunction or even failure. The vascular niche is composed of endothelial cells, pericytes, macrophages, and hematopoietic stem cells. It forms a guiding microenvironment for the behavior of adjacent cells, and mainly exists in the microcirculation, including capillaries. When an organ is damaged, the vascular niche regulates inflammation and affects the repair of organ damage in a variety of ways, such as via its angiocrine function and transformation of myofibroblasts. In this paper, the main roles of vascular niche in the process of organ fibrosis and its mechanism of promoting the progress of fibrosis through inflammatory immunoregulation are summarized. It was proposed that the vascular niche should be regarded as a new therapeutic target for organ fibrosis, suggesting that antifibrotic effects could be achieved by regulating macrophages, inhibiting endothelial-mesenchymal transition, interfering with the angiocrine function of endothelial cells, and inhibiting the transformation of pericytes into myofibroblasts, thus providing new ideas for antifibrosis drug research.
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INTRODUCTION
Organ fibrosis comprises an acute or chronic pathological change to organs caused by infection, inflammation, autoimmune reaction, and other factors. Fibrosis causes destruction and reduction of parenchymal cells of organs, activation of fibroblasts, production of the extracellular matrix (ECM) (such as collagen, glycoproteins and adhesion proteins), and continuous deposition of ECM on the basement membrane. This results in continuous progress of organ structural disruption, functional decline, and even exhaustion, which seriously threatens human health and life, and is a hot topic in medical research (Budi et al., 2021). Inflammation is a defense response against tissue damage, and can be mediated by lymphocytes and macrophages. The vascular niche is composed of endothelial cells (ECs), pericytes, macrophages, hematopoietic stem cells, adipocytes and nerve cells, and it forms a guiding microenvironment for the behavior of adjacent cells and mainly exists in the microcirculation, including capillaries (Ribatti et al., 2021; Wermuth et al., 2016). The vascular niche can maintain the steady state, and the normal growth and differentiation of cells by the secretion of angiocrine factors, including transforming growth factor β (TGFβ), vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), hepatocyte growth factor (HGF), interleukin (IL), platelet-derived growth factor BB (PDGF-BB), EC-derived stem cell factor (SCF) and endothelin (ET) (Rafii et al., 2016; Ribatti et al., 2021; Wermuth et al., 2016).
Recently, many studies have shown that the vascular niche plays an important regulatory role in the repair process after organ injury, inflammation and fibrosis. When organs are injured, the vascular niche environment becomes an environment that is not conducive to tissue cells regeneration, and ECs and pericytes secrete various cytokines and inflammatory factors to transform into myofibroblasts, and macrophages express inflammatory factors and pro-fibrosis mediators, which together initiate fibrosis and promote the deposition of ECM (Figure 1). This article summarized the main role of the vascular niche during organ fibrosis and the mechanism by which the vascular niche promotes fibrosis through inflammatory immune regulation at home and abroad in recent years. It was proposed that the vascular niche should be regarded as a new therapeutic target for organ fibrosis. This suggested that antifibrotic effects could be achieved by regulating macrophages, inhibiting endothelial-mesenchymal transition (EndoMT), interfering with the paracrine function of ECs, and inhibiting the transformation of pericytes into myofibroblasts, thus providing new ideas for antifibrosis drug research.
[image: Figure 1]FIGURE 1 | Pathological changes to the vascular niche.
ROLE OF THE MAIN CELLS IN THE VASCULAR NICHE IN ORGAN FIBROSIS
Endothelial Cells
Endothelial cells (ECs) and pericytes, the most important structural cells in the vascular niche, constitute the microvascular wall. The study of ECs and pericytes further revealed the mechanism of the vascular niche. Genetic and biochemical studies showed that ECs play an important role in maintaining metabolism and organ regeneration. Organ-specific ECs perform many complex tasks by providing a variety of cell stimulating and inhibiting factors, the ECM, and cell chemotactic factors, including VEGF, FGF, IL, TGF-β, PDGF-BB, and ET (Rafii et al., 2016). In fibrotic organs, transplantation of parenchymal stem cells can be used as a treatment; however, the abnormal vascular niche environment of damaged organs usually affects such transplantation. After discovering the angiocrine function of ECs, Cao et al. induced ECs and promoted the synergistic effect of the vascular niche and transplanted stem cells by upregulating the expression of angiocrine factor hepatocyte growth factor (HGF), which successfully stimulated effective organ repair (Cao et al., 2017). In addition, Wermuth et al. found that ET-1 secreted by ECs can not only regulate cardiovascular function, but also promote fibrosis, thereby stimulating the EndoMT induced by TGF-β1 and promoting the expression of mesenchymal fibrosis-associated genes and proteins (Wermuth et al., 2016). Moreover, after the ET-1 gene was knocked out, the expression of ET-1 was downregulated, the number of myofibroblasts was reduced, and the degree of fibrosis was weakened (Arfian et al., 2020).
In addition to indirectly affecting the process of organ fibrosis through angiocrine pathways, Ecs can also participate directly in the progression of fibrosis through EndoMT. EndoMT is a newly discovered type of cell transdifferentiation, which can be induced by TGF-β. It is another important source of myofibroblasts in the process of organ fibrosis. In this process, Ecs lose their endothelial-specific markers and acquire a mesenchymal cell or myofibroblast phenotype, producing excessive amounts ECM components, such as α smooth muscle actin (α-SMA) and type I collagen (Piera-Velazquez et al., 2011). The Sirtuin (SIRT) protein family is related to almost all types of organ fibrosis, and a recent study found that the mechanism by which SIRT improves fibrosis might be related to inhibition of EndoMT (Mazumder et al., 2020). In addition to inhibiting the classical fibrosis pathway to achieve an antifibrotic effect, SIRT can also inhibit the transdifferentiation of Ecs into mesenchymal cells, which can alleviate the renal fibrosis induced by Ang II after activation. Meanwhile SIRT3 and SIRT7 gene knockout aggravated the increase in EndoMT and reactive oxygen species, thus causing fibrin deposition (Lin et al., 2018; Liu J. et al., 2019; Wyman et al., 2020).
On the basis of these observations, organ-specific capillary Ecs are considered as special niche cells. On the one hand, they express angiocrine factors, such as pro-fibrosis mediators, pro-inflammatory mediators, and vasoactive substances, to regulate the inflammatory environment of the vascular niche, thus affecting the activation and transformation of various cells in the vascular niche and indirectly participating in the fibrotic process (Rafii et al., 2016). On the other hand, Ecs can increase the source of myofibroblasts in organs through EndoMT, promote deposition of the ECM, and directly participate in fibrosis, when an organ is damaged (Piera-Velazquez et al., 2011). Therefore, we suggest that measures can be taken to intervene with the angiocrine function of Ecs, such as altering in the production of VEGF, TGF-β, and ET-1, or inhibiting the EndoMT of Ecs, which might become a new method to treat fibrosis.
Pericytes
Pericytes also play an important role in the process of organ fibrosis. Pericytes cover all blood vessels, surround Ecs in capillaries and microvessels, support the blood vessel wall, and express adhesion molecules (e.g., melanoma cell adhesion molecule (MCAM or CD146), platelet derived growth factor receptor beta (PDGFRβ), and chondroitin sulfate proteoglycan 4 (CSPG4 or NG2), playing an important role in the stability and functional regulation of blood vessels (Zhang ZS. et al., 2020). There has also been a breakthrough in our understanding of pericytes in the vascular niche. Pericytes are not just supportive cells around blood vessels, Birbrair et al. identified two kinds of pericytes from skeletal muscle: Type 1 pericytes, which produce adipocytes and fibroblasts, and participate in the progress of fibrosis; and type 2 pericytes, which promote the regeneration of blood vessels and muscles, and might be induced to differentiate into a neural lineage under special conditions (Birbrair et al., 2013; Birbrair et al., 2014). This discovery promoted the development of tissue repair and regenerative medicine. In addition, in vivo and in vitro studies showed that pericytes can be used as a source of most mesenchymal stem cells (MSCs), and some scholars even suggested renaming MSCs as pericytes. Meanwhile, because of the heterogeneity of MSCs, they can differentiate into chondrocytes under the guidance of TGF-β, and can play an important role in supporting hematopoiesis, organ regeneration, and angiogenesis (Crisan et al., 2012; Caplan, 2017; Joensuu et al., 2018; Kunisaki, 2019).
Kramann et al. verified that perivascular Gli1+ MSC-like cells (i.e., pericytes) are one of the main sources of myofibroblasts in various organs by tracing their genetic lineage (Kramann et al., 2015). Based on that study, Mayr et al. discovered a new pericyte state related to interstitial lung disease (ILD), namely, SSTR2+/CFHR1+ pericytes (somatostatin receptor two and complement factor H related 1) with high disease specificity, which have a pro-inflammatory phenotype and can express various chemokines (Mayr et al., 2021). It has been proven that pericytes separate from Ecs during chronic kidney injury and many studies have found that the separated pericytes show a tendency to differentiate into myofibroblasts (Bábíčková et al., 2017; Liu et al., 2018; Yamaguchi et al., 2020). Perry et al. proved that pericyte expression of 5′-nucleotidase Ecto (NT5E or CD73; an enzyme that can inhibit inflammation) can inhibit the transformation of pericytes into myofibroblasts and attenuate macrophages infiltration (Perry et al., 2019). In ECs, the SIRT protein family can inhibit EndoMT to inhibit fibrosis and it has been proven that SIRT protein family has similar effects in pericytes (Liu ZH. et al., 2019; Su et al., 2020). SIRT3 gene knockout promoted the transformation from pericytes to myofibroblasts in the heart and kidney, which resulted in upregulation of NADPH oxidase levels and ROS expression in the heart, and decreased glucose metabolism and increase ROS formation in the kidney, leading to dysfunction of the renal endothelium and promotion of fibrosis (Feng et al., 2020; Su et al., 2020).
Unlike the angiocrine function of Ecs, the main role of pericytes in organ fibrosis is to provide a source of myofibroblasts. Pericytes differentiate into myofibroblasts under the induction of TGF-β, and express α-SMA and type I collagen (Yamaguchi et al., 2020). Moreover, inhibiting the transformation of pericytes into myofibroblasts represents an antifibrotic method, including inhibiting the aggregation and activation of pericytes, and separating and transforming them from Ecs. Currently, the pathways known to be involved in this process are the TGF-β, VEGFR, and PDGFR pathways (Liu et al., 2018). Wang et al. successfully proved the feasibility of inhibiting the PDGFR pathway to inhibit organ fibrosis. They used a NOTCH1 inhibitor in a mouse model of pulmonary fibrosis, which successfully inhibited the PDGFRβ/Rho associated coiled-coil containing protein kinase 1 (ROCK1) pathway, inhibited the proliferation and differentiation of pericytes, and reduced the severity of fibrosis (Wang et al., 2019). The effects of other pathways on inhibiting fibrosis have been confirmed in mouse models; however, their effects in clinical application and related drug research and development require further exploration.
Interactions Between ECs and Pericytes
Ecs and pericytes, as the main structural cells of the vascular niche, jointly maintaining the structural stability of microvessels and the steady state of the microenvironment of the vascular niche. Determining the communication between them will help us to understand the formation, stability, and remodeling of blood vessels and their influence on organ fibrosis. To date, it has been confirmed that ECs have two effects on pericytes. First, they could stimulate the maturation, proliferation, and differentiation of pericytes when in contact with pericytes directly. For example, direct endothelial contact could inhibit the activation of PDGFR-β+ pericytes (these pericytes are profibrotic) and stimulate outgrowth of pericyte projections to participate in angiogenesis. (Brandt et al., 2019; Wang et al., 2020). Second, ECs inhibit the transformation of pericytes into myofibroblasts, which might be related to the decreased expression of TFG-β and the secretion of exocrine miR-107 by ECs (Brandt et al., 2019; Wang et al., 2021). It is well-known that pericytes affect endothelial permeability; however there is not enough research about the molecular mechanism of how pericytes affect endothelial cells function. Some scholars suggest that pericytes restrict VEGF signal transmission of local endothelial cells by expressing VEGF receptors, thus affecting EC proliferation and angiogenesis. However, whether pericytes affect vascular niche stability and organ fibrosis has not been determined (Eilken et al., 2017)..
Macrophages
Macrophages are important immune cells in the human body, which exist widely in blood and tissues, and can differentiate into different subgroups according to their different locations and functions, participating in every stage of tissue injury repair (Smigiel and Parks, 2018). The study of different macrophages subsets and their roles in different stages of inflammation and fibrosis will help to identify more antifibrotic therapeutic targets. Here, we mainly discuss the macrophage population in the vascular niche, including tissue-resident macrophages and the circulating mononuclear/macrophage system. Macrophages resident in lung tissue, and include alveolar macrophages and interstitial macrophages. Chakarov et al. performed single cell mRNA sequencing and found that macrophages in the vascular niche are mainly LYVE1hiMHCIIlo (lymphatic vessel endothelial hyaluronan receptor one and major histocompatibility complex, class II) interstitial macrophages, and express genes related to damage repair and fibrosis at a high level, including CXCL4 and TGFβ2 (Chakarov et al., 2019). Macrophages with this phenotype also exist in the vascular niche of other organs; however, whether there are other macrophage populations in the vascular niche remains to be studied. In addition to the expression of TGF-β to initiate fibrosis, there are another study found that M2 macrophages can also transform into myofibroblasts during renal fibrosis, and the more transformed cells, the more severe is the renal interstitial fibrosis (Wang YY. et al., 2017). Zhang et al. found that the liver is rich in the long noncoding RNA (lncRNA) LFAR1, and found that the activation of the pro-inflammatory phenotype of macrophages was inhibited after knocking out its gene, which might become a new way to intervene in the inflammatory reaction in the process of liver fibrosis (Zhang K. et al., 2020).
Macrophages living in the vascular niche are also regulated by ECs and pericytes. ECs and pericytes promote the recruitment and maturation of macrophages in the vascular niche by secreting various chemokines and cytokines (such as the transcription factor Nr4a1 (Nur77), intracellular adhesion molecule-1 (Icam-1)) and macrophages can also secrete VEGFA to promote endothelial proliferation (Frangogiannis, 2019; Hernandez and Iruela-Arispe, 2020; Shibahara et al., 2020).
INFLAMMATION AND FIBROSIS
An inflammatory reaction occurs after any tissue injury, including infection, trauma, and the actions of immune factors. If the injury range is large, the inflammatory reaction continues to increase and the regeneration ability of the normal parenchymal cells of the organs is inhibited, leading to the initiation of pathological repair, and fibrous connective tissue in the interstitial tissue will proliferate, leading to fibrosis. T-lymphocytes, monocytes, macrophages, and neutrophils play an important role in the process of inflammation. These cells release cytokines (e.g., TGF-β, PDGF, IL-13, and IL-17) and chemokines (e.g., CXCL12, CCL2, and CCL18) to achieve the functions of promoting fibrosis and resisting fibrosis (Kolahian et al., 2016; Eming et al., 2017; Mack, 2018). Research on inflammation in the process of pulmonary fibrosis is very mature, and drugs (such as Pirfenidone and nintedanib) can inhibit inflammatory cell infiltration and the expression of pro-inflammatory mediators (Kolahian et al., 2016). TGF-β has been proven to be the key mediator of fibrosis in various organs. Lan et al. found that Smads, the downstream signal factors of TGF-β, also has a certain regulatory effect on kidney inflammation, and different Smad molecules have different roles in kidney fibrosis and inflammation (Lan, 2011). In the process of myocardial fibrosis, fibroblasts not only produce the ECM, but also express SRY-box transcription factor 9 (SOX9), which is a main regulator of inflammation and functions to increase leukocyte infiltration and the expression of inflammatory mediators (CXCL13 and IL-6) in myocardial tissue, suggesting SOX9 as a new therapeutic target during myocardial infarction (Scharf et al., 2019). The liver, as an immune organ, shows a more obvious inflammatory reaction in the process of injury, in which innate immunity and acquired immunity interact to cause the occurrence of an inflammatory reaction. At the same time, macrophages in the vascular niche express TGF-β1, which induces hepatic stellate cells to differentiate into myofibroblasts and thus initiate liver fibrosis (Koyama and Brenner, 2017; Sutti and Albano, 2020). All these findings indicate that persistent inflammation is closely related to the occurrence and development of organ fibrosis, and macrophages in the vascular niche might be an important therapeutic target to regulate organ fibrosis through the vascular niche.
RELATIONSHIP BETWEEN THE VASCULAR NICHE AND FIBROSIS OF VARIOUS ORGANS
The Vascular Niche and Pulmonary Fibrosis
Pulmonary fibrosis means that the regeneration ability of alveoli is inhibited after long-term chronic injury (such as idiopathic pulmonary fibrosis (IPF), chronic obstructive pulmonary disease (COPD), asthma), and biomarkers with diagnostic specificity (such as matrix metalloproteinase 7 (MMP7) and Krebs Von Den Lungen-6 (KL-6, also known as mucin 1)) are expressed. In addition, fibrin deposits replace normal alveolar tissue, resulting in irreversible fibrosis (Han et al., 2018; Drakopanagiotakis et al., 2018) (Figure 2). Alveoli are rich in capillaries, and pulmonary capillary endothelial cells (PCECs), as the main cells of the vascular niche, are embedded between type 1 alveolar cells and are regulated by the angiocrine factor VEGFA expressed by type 1 alveolar cells, thereby promoting local alveolar angiogenesis (Vila Ellis et al., 2020). Therefore, the steady state of the vascular niche is very important for the structure and regeneration ability of lung tissue. Ding et al. found that MMP14, produced by PCECs and macrophages, could regulates alveolar formation by stimulating epithelial proliferation and migration (Ding et al., 2011). They also found that in PCECs with chronic injury, the expression of chemokine (C-X-C motif) receptor 7 (CXCR7) was inhibited, perivascular fibroblasts continued to be activated, and macrophages interacted with PCECs to form inflammatory vascular niche and stimulate pulmonary fibrosis, while infusing sdf1+/+ (SDF1, stromal cell-derived factor 1) platelets into a left lung unilateral pneumonectomy (PNX) model mouse can increases the expression of CXCR7, induces the MMP14 secretion of PCECs, and form a vascular niche microenvironment that promotes alveolus formation (Rafii et al., 2015; Cao et al., 2016). After these studies, Ding’s team suggested that the vascular niche and its cells should be regarded as a whole, and by analyzing its steady state, they found that the balanced steady state can promote the normal repair of tissue injury, and once the balance of the vascular niche is destroyed, inflammation persists, which can stimulate the abnormal repair of injury and lead to fibrosis (Ding et al., 2011; Rafii et al., 2015; Cao et al., 2016). In addition, Cao et al. found that HGF, expressed by PCECs, can suppress the pro-fibrotic expression of NADPH oxidase 4 (NOX4) in perivascular lung fibroblasts, and the vascular microenvironment of mouse treated with a NOX4 inhibitor could change an epithelially-prohibitive microenvironment (inhibiting the proliferation of epithelial cell) to an epithelially-active microenvironment (promoting epithelial cell regeneration and proliferation), thus realizing the regenerative treatment of fibrosis (Cao et al., 2017). Brody et al. found that CCR2+(chemokine C-C motif receptor 2) macrophages accumulated significantly around fibrous tissue while studying lung tissue from patients with IPF, and that the antifibrotic drug pirfenidone could effectively reduce the accumulation of these macrophages (Brody et al., 2021). In addition, the Wnt inhibitor Dickkopf-1 (DKK 1) also had an effect on the vascular niche in chronic lung diseases (including COPD and emphysema), as shown by the reduced expression of the profibrotic phenotype of mesenchymal vascular progenitor cells (MVPCs), inhibition of the TGFβ and PDGF signaling pathways in ECs, and the regulation of pulmonary smooth muscle cell differentiation and proliferation (Summers et al., 2021). All these studies indicated that the steady state of the vascular niche is closely related to alveolar repair and fibrosis in the process of lung injury, and could even be used as a new therapeutic target for pulmonary fibrosis.
[image: Figure 2]FIGURE 2 | The vascular niche and organ fibrosis.
The Vascular Niche and Hepatic Fibrosis
Hepatic fibrosis is a common pathological process in the end stage of various chronic liver injuries (such as hepatitis, fatty liver and drug-induced liver injury). Excessive ECM components, such as glycoproteins and collagen, are deposited in the process of repeated destruction and repair of hepatocytes ((Seki and Brenner, 2015; Koyama and Brenner, 2017) (Figure 2). The activated myofibroblasts that produce the ECM in liver mainly come from hepatic stellate cells (i.e., pericytes of the hepatic vascular niche), and TGF-β and PDGF are two main cytokines that promote the activation and proliferation of hepatic stellate cells, which are mainly produced by macrophages gathered in circulation and macrophages in the vascular niche (Seki and Brenner, 2015; Koyama and Brenner, 2017; Trivedi et al., 2021). The hepatic vascular niche is mainly composed of hepatic sinusoidal endothelial cells (HSECs). Unlike endothelial cells forming other continuous cell layers, HSECs mainly constitute discontinuous and permeable microvessels, and lack a basement membrane, which can reduce the deposition of the ECM (Géraud et al., 2017). During liver diseases, an immune response is initiated, in which macrophages, HSECs, and hepatic stellate cells are activated, and the expression of SDF-1 increases, which promotes the formation of microvessels in the injured area, activates hematopoietic stem cells, and promotes the normal repair of tissues, meanwhile the selective activation of SDF-1 receptors CXCR7 on HSECs can promote the secretion of angiocrine factors by HSECs, which can mediate the repair and regeneration of damaged organs (Ding et al., 2014; Liepelt and Tacke, 2016; Shido et al., 2017). In addition, the transcription factor GATA binding protein 4 (GATA4), expressed by HSECs, is the main regulator of liver microvessels, which limits the transformation of HSECs into continuous capillaries (Géraud et al., 2017). Meanwhile, capillarization is characterized by ectopic deposition of the basement membrane and the formation of continuous endothelial cell layer, which is beneficial for ECM deposition and causes the tissue to undergo pathological damage repair (Géraud et al., 2017). Winkler et al. found that GATA4 controls liver fibrosis and regeneration by repressing transcription factor MYC activation and pro-fibrotic angiocrine signaling. They determined the molecular mechanism, whereby the expression of angiocrine factors changed and led to fibrosis in HSECs lacking GATA4. Factors such as platelet derived growth factor subunit B (PDGF-BB), SPARC like 1 (SPARCL1), endothelial cell specific molecule 1 (ESM1) and insulin like growth factor binding protein 5 (IGFBP5), which promote fibrosis, were upregulated; however, bone morphogenetic protein 2 (BMP2), hepatocyte growth factor (HGF), Wnt family member 2 (WNT2), which promote liver regeneration, were downregulated, and hepatic stellate cells were activated, which jointly promoted the development of fibrosis in mouse and human livers (Winkler et al., 2021). Duan’ study revealed another way of promoting fibrosis in HSECs. Notch signaling in highly differentiated HSECs is activated when hepatocytes are damaged, which downregulates endothelial nitric oxide synthase (eNOS)-soluble guanylyl cyclase (sGC) signal transduction, reduces the expression of WNT2a, 9b, and HGF, and results in the discontinuous endothelial cell layer of hepatic sinus capillaries dedifferentiating into a continuous endothelial cell layer, meanwhile the activation of hepatic stellate cells and the production and deposition of the ECM increase, which affects hepatocyte proliferation and liver regeneration (Duan et al., 2018). Ramachandran et al. also found a new fibrosis-associated TREM2+ CD9+ macrophage subpopulation in patients with liver cirrhosis, which are located in the vascular niche and promote hepatic fibrosis by promoting the expression of collagen in hepatic stellate cells (Ramachandran et al., 2019). Changes to the above-mentioned signal pathways result from abnormal activation of HSECs, which leads to an imbalance of the vascular niche and angiocrine factors, and activation of macrophages and the fibrosis pathway. These studies suggest that the steady state of the vascular niche is closely related to the repair and fibrosis of liver tissue during liver injury, which also provides a new idea for the targeted treatment of liver fibrosis.
The Vascular Niche and Myocardial Fibrosis
Myocardial fibrosis is a process in which activated fibroblasts produce ECM, and macrophages and mast cells produce fibrogenic mediators when myocardial cells are injured (such as in CHD (coronary atherosclerotic heart disease) and hypertension) (Kong et al., 2014) (Figure 2). In cardiovascular diseases, the hematopoietic supply is very important to cardiomyocytes, while hematopoietic stem cells (HSCs) are mainly located in the vascular niche around the blood sinuses (a type of capillary vessel). ECs, as the main effector cells in the cardiac vascular niche, produce a variety of factors to regulate HSC function, such as EC-derived stem cell factor (SCF), and SCF can affect the proliferation and differentiation of HSCs and interfere with the progress of myocardial fibrosis (Xu et al., 2018; Poller et al., 2020). Like ECs, pericytes can also support the growth of HSCs by expressing regulatory factors to intervene the injury repair of myocardium and inhibit fibrosis progression (Sá da Bandeira et al., 2017). The steady-state regulation function of the cardiac vascular niche is similar to that of lung and liver. ECs express profibrotic mediators (such as TGF-β1, FGF, ET-1) to directly promote myocardial fibrosis, and also express function regulators of HSCs (SCF) to regulate the growth environment of HSCs. In addition, ECs also express adhesion molecules, pro-inflammatory factors, and chemokines to promote the recruitment of macrophages and lymphocytes, thus aggravating myocardial inflammation and fibrosis (Kong er al. 2014; Frangogiannis, 2019). In contrast to the lung and liver, another function of ECs in the myocardial vascular niche is to provide the source of myofibroblasts and promote the deposition of the ECM through EndoMT. Since EndoMT was first discovered in myocardial cells, many scholars have studied its molecular mechanism, and concluded that the main signaling pathways of EndoMT are TGF-β/SMAD, NOTCH, and WNT/β-catenin (Sniegon et al., 2017; Cheng et al., 2021). Moreover, EndoMT was identified as the cause of fibrosis in the kidney, heart, and liver, which might result in EndoMT becoming a new therapeutic target for preventing, delaying, and treating fibrosis (Cruz-Solbes and Youker, 2017). Li et al. used a constitutive endothelial Tie1–Cre line to trace all ECs in an animal model of ascending aortic constriction, and found that a substantial number of Tie1–Cre labelled cells also expressed the fibroblast marker fibroblast-specific protein 1 (FSP1), indicating that these cells had undergone EndoMT (Li et al., 2018). This study suggested that besides bone marrow-derived fibroblasts, ECs in the vascular niche were another source of myofibroblasts. The findings of the above studies indicated that the vascular niche could maintain the proliferation and differentiation of HSCs and macrophages by regulating the steady state, and can directly promote fibrosis by expressing pro-inflammatory and pro-fibrotic factors. More importantly, the vascular niche can provide myofibroblasts through EndoMT directly to increase the deposition of the ECM. If timely intervention measures are undertaken against these processes, cardiac fibrosis could be inhibited effectively and cardiac function improved.
The Vascular Niche and Renal Fibrosis
The essence of renal fibrosis is scar accumulation caused by pathological fiber repair in the parenchyma during the progression of diseases such as chronic glomerulonephritis (CGN), IgA nephropathy (IgAN), and diabetic nephropathy (DN), while the excessive deposition of the ECM separates the basement membrane of renal tubules from the capillary around renal tubules, causing renal tubule interstitial fibrosis (Humphreys, 2017) (Figure 2). Myofibroblasts are major matrix secreting cells, while pericytes are one of the major providers of myofibroblasts (Humphreys, 2017; Kuppe et al., 2021). It has been proven that there are changes in the structure and steady state of the vascular niche in all of kidney diseases, such as capillary endothelial damage, separation of pericytes from capillary endothelial cells, capillary rarefaction, the decreased expression of pro-angiogenic factors (VEGF, angiopoietin 1) and anti-angiogenic factors (angiostatin 1), and all of these can accelerate glomerulosclerosis and tubulointerstitial fibrosis (Bábíčková et al., 2017; Tanabe et al., 2020). ECs not only severs as the classical barrier function in many physiological processes in the kidney, they can also participate in regulating vascular tension and inflammatory reactions by secreting vasoactive substances such as ET, tropomyosin 1 (TM-1), Von Willebrand factor (vWF) and inflammatory factors, and maintain the steady state of the vascular niche, providing a good environment for the survival and proliferation of hematopoietic stem cells (Rafii et al., 2016; Yang et al., 2019). In addition, the glucocorticoid receptor (GR) on ECs plays a key role in the process of diabetic renal fibrosis, which can downregulate the classical WNT signaling pathway to inhibit fibrosis, prompting researchers to suggest that endothelial GR is a key anti-EndoMT molecule, which might become an antifibrotic therapeutic target for diabetic renal fibrosis (Srivastava et al., 2021). Similar to the process of myocardial fibrosis, EndoMT also has a certain influence on accelerating renal fibrosis, and it has been proposed that EndoMT, which causes independent endothelial dysfunction, is also worth noting (Yang et al., 2019). In the process of renal fibrosis, macrophages not only act as immune cells, but also directly transform into myofibroblasts in the damaged kidney mediated by the TGFβ1/SMAD3 pathway, via a process known as macrophage-to-myofibroblast transition (MMT) (Tang et al., 2019). During the process of renal fibrosis, pericytes have become the main source of myofibroblasts, and EndoMT and the transformation of pericytes into myofibroblasts both lead to the changes in the normal structure of the vascular niche. Taking measures to intervene the transformation of pericytes into myofibroblasts and reducing the separation of pericytes from ECs might become a new method for treatment of renal fibrosis.
NEW THERAPEUTIC TARGETS OF ORGAN FIBROSIS
At present, the methods used to treat fibrosis include blocking the TGF-β/Smad signaling pathway, regulating the SK1/S1P signaling pathway, and antagonizing the vasoactive peptide receptor. The main representative drugs are farnesoid X receptor (FXR) agonists, TGF-β antagonists and Pirfenidone. Among them, nintedanib and pirfenidone, as representative drugs for the treatment of IPF, can slow down the rate of decline of lung function in IPF, and have some effect in reducing the risk of IPF mortality and acute exacerbations, while pamrevlumab has a relatively better effect in reducing the decline of lung function compared with pirfenidone and nintedanib (Di Martino et al., 2021; Petnak et al., 2021). Thus developing more effective antifibrosis drugs or early intervention drugs remains a research hotspot (Ren et al., 2020). We have described the main role of ECs, pericytes, and macrophages in the vascular niche during fibrosis, which provides us with new directions to find drug targets, such as screening for more single or compound drugs to inhibit organ inflammation and fibrosis according to the molecular mechanisms of the vascular niche.
Yue et al. found that the process of fibrosis can be disrupted by inhibiting the capillarization of HSECs. Plumbagin can increase and expand the fenestra of HSECs, thin the extracellular basement membrane, and reduce its scope, thus decreasing the degree of capillarization of HSECs(Peng et al., 2021). Quercetin has a variety of remarkable biological activities. In recent years, quercetin was demonstrated to improve the endothelial dysfunction of pulmonary vessels, antagonize the vasoconstriction and fibrosis induced by ET-1, and effectively inhibit the EndoMT mediated by TGF-β (Huang et al., 2017; Dagher et al., 2021). Other drugs that show antifibrotic activity by intervening in the EndoMT include gambogic acid (in a model of pulmonary fibrosis) and dihydroartemisinin (in a model of skin fibrosis). However, their antifibrotic effects in other organs remain to be studied, and whether there are other drugs that act via novel antifibrotic mechanisms remains to be discovered (Qu et al., 2016; Li et al., 2021). These studies indicated that EndoMT in the vascular niche will become an important antifibrotic therapeutic target in the future.
Based on the above summary of the cellular and molecular mechanisms of the vascular niche during fibrosis, we speculated that fibrosis could also be inhibited by interfering with the angiocrine function of ECs, such as inhibiting the expression of PDGF, VEGF, TGF-β, ET-1, and other molecules. The forkhead box (FOX) family plays an important role in regulating the survival, proliferation, and differentiation of stem cells, and its role in preventing pathological cardiac fibrosis in the heart has also been confirmed (Wang J. et al., 2017). In terms of interfering with the function of ECs in the vascular niche, scholars have found that FOXP1 in ECs inhibits the proliferation and transformation of fibroblasts by downregulating TGF-β1 signaling, while FOXC1 inhibits the expression of inflammatory factors and fibrotic factors by promoting angiogenesis and anti-inflammatory cytokines expression, thus maintaining a microenvironment favorable for the survival of mesenchymal stem cells in the vascular niche, and promoting myocardial repair (Liu J. et al., 2019; Zhao et al., 2020). Inhibiting the transformation of pericytes into myofibroblasts in the vascular niche is a clear intervention method for organ fibrosis. Pericytes play a more significant role in kidney; therefore, this method might have a more significant therapeutic effect on renal fibrosis. Current research shows that intervention in the endothelial-pericyte interaction, such as promoting the separation of pericytes from capillary ECs, can generate and stabilize blood vessels after organ injury; however, whether this has an impact on organ fibrosis is not clear (Perrot et al., 2020).
In addition, Lu et al. found that quercetin could inhibit the infiltration of M1 macrophages into the renal interstitium to reduce inflammation and inhibited the activation of M2 macrophages to reduce the excessive accumulation of the ECM, thus effectively treating renal interstitial fibrosis (Lu et al., 2018). That study demonstrated the feasibility of using vascular niche macrophages as targets for anti-inflammatory and antifibrotic therapy.
Therefore, it is feasible to select the vascular niche as a new target for antifibrotic therapy, which can be achieved by inhibiting the EndoMT, interfering with the angiocrine function of ECs, inhibiting the transformation of pericytes into myofibroblasts, and regulating macrophages.
DISCUSSION
The vascular niche is a relatively independent entity in organs and tissues. ECs are the core of the vascular niche under physiological conditions, and mediate various signaling pathways to maintain its steady state via autocrine and angiocrine pathways. Under pathological conditions, the vascular niche balance is broken, and ECs secrete various angiocrine, inflammatory, and pro-inflammatory factors, which change the microenvironment and regulate the activation and expression of inflammatory mediators of macrophages in the vascular niche. Meanwhile, during the initiation of EndoMT, pericytes are activated and transformed into myofibroblasts to promote deposition of the ECM, and parenchymal cells are lost, which leads to a disordered vascular niche and promotes the occurrence and development of fibrosis. According to studies on the molecular mechanism of the vascular niche in the process of fibrosis, we proposed new methods to exploit vascular niche as anti-inflammatory and antifibrotic targets, such as regulating macrophages, inhibiting EndoMT, interfering with the angiocrine function of ECs, and inhibiting the transformation of pericytes into myofibroblasts. This will provide new directions for drug research, such as investigating the protective effect of drugs on the vascular niche, clarifying the molecular mechanism of the regulation of key signal pathways, identifying more effective drugs to treat inflammation and fibrosis, and guiding the treatment and rehabilitation of organ fibrosis using modern medicine and Traditional Chinese Medicine.
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Objective: To investigate the association between susceptibility to type 1 diabetes mellitus (T1DM) and polymorphisms (rs1143627 and rs1143643) in the interleukin 1 beta (IL1B) gene in the Chinese Han population.
Methods: The Meso Scale Discovery (MSD) method was used to detect the concentration of IL-1β in 24 T1DM patients and 27 healthy controls. MassARRAY was used to analyze the polymorphisms in the IL1B gene in 510 patients with classic T1DM and 531 healthy controls. The general data of the T1DM patients and healthy controls were compared by the chi-square test and Mann-Whitney U test. The chi-square test and logistic regression were used to analyze the frequency distributions of alleles and genotypes of polymorphisms in the IL1B gene. The Kruskal-Wallis H test and chi-square test were used for the genotype-phenotype analysis of rs1143627 and rs1143643 in the IL1B gene.
Results: ① The concentration of IL-1β in T1DM patients was significantly higher than that in healthy controls. ② rs1143627 and rs1143643 in the IL1B gene were significantly correlated with the positivity rates for IA-2A and ZnT8A; genotype GG at rs1143627 and genotype CC at rs1143643 in the case group showed lower positivity rates for IA-2A and ZnT8A. ③ There was no significant difference in the genotypes or allele frequencies at rs1143627 (GG/GA/AA) or rs1143643 (CC/CT/TT) between the case group and control group (p > 0.05). ④ rs1143627 and rs1143643 were not found to be linked to T1DM susceptibility under different genetic models.
Conclusion: rs1143627 and rs1143643 in the IL1B gene correlate with the positivity rate of IA-2A and ZnT8A in Chinese Han individuals with T1DM.
Keywords: type 1 diabetes mellitus, single-nucleotide polymorphisms, interleukin 1 beta gene, IL-1β, Chinese han population, association analysis
HIGHLIGHTS

1) T1DM patients had a higher concentration of IL-1β than healthy controls;
2) The rs1143627 and rs1143643 polymorphisms in the IL1B gene are significantly related to the positivity rate of IA-2A and ZnT8A in T1DM patients.
INTRODUCTION
Type 1 diabetes mellitus (T1DM), an organ-specific chronic autoimmune disease, is characterized by insulin deficiency and the resultant hyperglycemia caused by the selective destruction of pancreatic beta cells mediated by T lymphocytes. Genetic and environmental factors contribute to the development and progression of T1DM (DiMeglio et al., 2018; Xie et al., 2018). To date, knowledge of T1DM, including its epidemiology, genetics, immune response, beta cell phenotypes, and disease therapy, has greatly increased. However, the understanding of T1DM pathogenesis is not very clear. Therefore, the pathogenesis and potential directions for future research on T1DM still need to be explored (Skyler, 2018).
T1DM is a disease of polygenic inheritance with strong genetic susceptibility (Pociot and Lernmark, 2016). In addition to the HLA gene family, genome-wide association studies (GWAS) have identified over 60 non-HLA genes related to the risk of T1DM, and these genes participate in the inheritance of T1DM with small genetic effects through their various combinations (Noble, 2015).
Evidence has shown that inflammasome-related genes play an important role in innate immunity (Shaw et al., 2011), and some of them have been found to be involved in the pathogenesis of T1DM under conditions of innate immunity (Van Gorp et al., 2019). IL1B, an inflammasome-related gene, is thought to be the key regulator of both immunity and inflammation. The noticeable and typical characteristic of IL-1β is proteolytic maturation mediated by inflammasomes (Van Gorp et al., 2019). Animal experiments have shown that mitochondrial DNA can activate NLRP3 inflammasomes, which trigger the production of caspase-1-dependent IL-1β and contribute to pathogenic cellular responses in the development of streptozotocin (STZ)-induced T1DM (Carlos et al., 2017). Additionally, IL-1β functions as a driver to boost adhesion molecule expression on immune cells and then acts as a promoter of monocyte tissue infiltration from circulation, thus instigating inflammatory responses (Cai et al., 2020). Elevation of IL-1β levels leads to chronic low-grade inflammation, cytokine profile changes and activation of innate immunity, and the increased expression of IL-1β in plasma/serum can alter lipid metabolism, causing hyperlipidemia (Sonnenschein and Meyle, 2000; Iacopino, 2001). Furthermore, IL-1β may impair insulin release induced by glucose stimulation through a nitric oxide (NO)-independent pathway, unrelated to cell death or glucose metabolism (Andersson et al., 2001). The altered functional state of beta cells is caused by the exposure of human islet beta cells to IL-1β or IL-1β plus IFN-γ; similar findings have been observed in prediabetic patients (Hostens et al., 1999). All of these effects are related to the occurrence of T1DM. Given the known functions of IL-1β in diabetes, we conducted a case-control study to explore the expression levels of IL-1β in T1DM patients.
In recent years, attention has been given to the role of IL1B in the pathogenesis of autoimmune and inflammatory diseases. Numerous studies have demonstrated that there are gene variations and polymorphisms in the IL1B gene and that these variants could influence the transcription and expression of the IL1B gene and are specifically correlated with many autoimmune and inflammatory diseases, including systemic lupus erythematosus (SLE) (Mohammadoo-Khorasani et al., 2016), antisynthetase syndrome (ASSD) (Ponce-Gallegos et al., 2020), rheumatoid arthritis (RA) (Hu et al., 2020) and primary progressive multiple sclerosis (Malhotra et al., 2020). Nevertheless, whether there is a relationship between the IL1B gene and T1DM susceptibility has not been reported before. Therefore, we focused on the Chinese Han T1DM population and selected the IL1B gene as an essential candidate gene. This study aimed to illuminate the correlation between two polymorphisms (rs1143627 and rs1143643) in the IL1B gene and T1DM in the Chinese Han population. Moreover, our study investigated the correlation between IL1B gene polymorphisms and the clinical characteristics of T1DM patients. We hope to present more detailed knowledge concerning the role of polymorphisms in the IL1B gene in T1DM, a specific molecular epidemiological basis for understanding the potential genetic pathogenesis of T1DM, and to provide additional molecular biological indicators for the early diagnosis of this disease.
MATERIALS AND METHOD
Participants
The participants were separated into a case group and a control group. Unrelated classic T1DM patients from the Department of Metabolism and Endocrinology at the Second Xiangya Hospital were enrolled in the case group. The selection criteria were as follows: 1) patients meeting the 1999 WHO diagnostic criteria for diabetes; 2) acute onset, and no apparent cause of diabetic ketosis or diabetic ketoacidosis within the previous 6 months; 3) insulin dependence within 6 months of diagnosis; and 4) serum positivity for no less than one of the following islet self-antibodies: glutamic acid decarboxylase antibody (GADA), protein tyrosine phosphatase antibody (IA-2A) and zinc transporter eight antibody (ZnT8A) (Yang et al., 2010). Moreover, the exclusion criteria for the case group were (Xu et al., 2020) 1) secondary diabetes; 2) gestational diabetes mellitus or other special types of diabetes; 3) cooccurrence of other types of autoimmune diseases; and 4) cooccurrence of malignant tumors.
Unrelated healthy volunteers identified through health examinations and epidemiological investigations were enrolled in the control group. The selection criteria were as follows: 1) unrelated individuals of Han nationality residing in Hunan Province; 2) results of a 75 g, 2-h oral glucose tolerance test (OGTT) showing fasting blood glucose (FBG) < 5.6 mmol/L and 2-h postprandial plasma glucose (PPG) < 7.8 mmol/L. The exclusion criteria for this case group were 1) chronic diseases in organs (heart, brain, liver, or kidneys) and/or endocrine disorders; 2) cooccurrence of other types of autoimmune diseases; 3) a family history of diabetes mellitus (DM); and 4) cooccurrence of malignant tumors.
All participants provided signed informed consent, and the ethics committee approved this study of the Second Xiangya Hospital of Central South University.
Research Methods
Collection of Clinical and Biochemical Data
Information collected on all T1DM patients and healthy controls was registered by physicians and included general information, current medical history, diagnosis and treatment process, past and family history, height, weight, waist circumference and hip circumference. Body mass index (BMI), waist-to-hip ratio (WHR), FBG, PPG, triglyceride (TG), cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL) and other biochemical indicators were obtained according to the test requirements. Fasting C-peptide (FCP), postprandial C-peptide (PCP) and glycosylated hemoglobin (HbA1c) were tested by the Endocrine Laboratory of the Second Xiangya Hospital through automated liquid chromatography and chemiluminescence methods. GADA, IA-2A and ZnT8A were detected via radioligand binding assay performed in the Department of Metabolism and Endocrinology, The Second Xiangya Hospital of Central South University.
Interleukin 1 Beta Detection
The levels of IL-1β in serum were measured by using the Meso Scale Discovery (MSD) method. MSD detection technology uses SULFO-TAGTM markers. When the electrode surfaces of MULTI-ARRAY and MULTI-SPOT® microplates are energized, the electrochemical action can stimulate SULFO-TAGTM markers to emit strong light. Electrochemiluminescence (ECL) is a specific chemiluminescence reaction initiated by electrochemistry on the surface of the electrode and is a combination of electrochemistry and chemiluminescence. ECL not only has high sensitivity but also can meet the needs of a larger flux. The experiment was completed by the Univ company.
Specimen Retention
All subjects signed the informed consent form allowing us to keep their samples. Peripheral blood was collected from each subject and either stored in a freezer at −80°C or used immediately for extraction of genomic DNA. Blood samples were collected from the median cubital vein after an overnight fast and 2 h after a meal. The serum was separated within 2 h, transferred to EP tubes, and stored in a freezer at −80°C.
Selection of Candidate Genes and Single-Nucleotide Polymorphisms (SNPs).
The selection of IL1B gene SNPs mainly depends on the loci related to other autoimmune diseases reported in recent years. Moreover, the minor allele frequency (MAF) in the Asian population has to be over 0.05, and the chosen SNPs cannot be located in the same linkage region.
Genomic DNA Extraction and Genotyping
The extraction of peripheral blood DNA was performed by the phenol-chloroform method. The DNA samples were sent to BGI (Beijing Genomics Institute, Shenzhen, China) for genotyping of the two polymorphic loci of the IL1B gene, which was performed by mass spectrometry (Agena, MassARRAY® Analyzer 4). The forward and reverse primers for rs1143627 were 5′-ACG​TTG​GAT​GTT​GTG​CCT​CGA​AGA​GGT​TTG-3′ and 5′-ACG​TTG​GAT​GTC​TCA​GCC​TCC​TAC​TTC​TGC-3′, respectively; the forward and reverse primers for rs1143643 were 5′-ACG​TTG​GAT​GAC​TCC​TGA​GTT​GTA​ACT​GGG-3′ and 5′-ACG​TTG​GAT​GCC​TCA​GCA​TTT​GGC​ACT​AAG-3′, respectively.
Statistical Analysis
Measurements meeting a normal distribution are expressed as the mean ± standard deviation, and measurements not meeting a normal distribution are presented as the median [interquartile range (IQR)]. Categorical data are expressed as the number of use cases and constituent ratio. The Mann-Whitney U test and chi-square test were utilized to compare the general data between T1DM patients and healthy controls and the differences in categorical data. In the control group, Hardy-Weinberg equilibrium (HWE) was assessed with online software (http://ihg.gsf.de/cgi⁃bin/hw/hwa1.pl) (Sun et al., 2019). Comparisons of allele and genotype frequency distributions between cases and controls were performed using the chi-square test or logistic regression to calculate p values, OR values and 95% confidence intervals. The Bonferroni method was used to correct p values. The Kruskal-Wallis H test and chi-square test were used for genotype-phenotype analysis of rs1143627 and rs1143643 in the IL1B gene in T1DM patients. The data with a normal distribution were tested by Student’s t-test. All data were analyzed by SPSS 20.0 statistical software (SPSS Inc., Chicago, IL, United States). Statistical significance was defined as p < 0.05 for a single test, and a p value after correction (pc) < 0.05 was considered statistically significant.
RESULTS
The Expression of Interleukin 1 Beta
First, we recruited 24 T1DM patients and 27 age and sex-matched healthy controls. The maximal duration of T1DM was 1 year. All participants were between 11 and 15 years old, and their serum IL-1β levels were measured by the MSD method. The general information, clinical features and serum IL-1β concentration are shown in Table 1. The results showed that there was a difference in HbA1c and TC between T1DM patients and controls and that the HbA1c and TC of T1DM patients were higher than those of the control group (p < 0.001, p = 0.041). More interestingly, the concentration of IL-1β in the T1DM group was significantly higher than that in the healthy control group (p = 0.028). Based on these findings, we further carried out a new study to determine whether IL1B polymorphisms affected T1DM susceptibility in the Chinese Han population.
TABLE 1 | Descriptive characteristics and IL-1β expression of the T1DM patients and controls.
[image: Table 1]Clinical and Biochemical Analysis of Type 1 Diabetes Mellitus and Controls
DNA samples from 510 T1DM patient and 531 healthy controls were included in the analysis. The results regarding age, male-to-female ratio, BMI and sex between T1DM patients and controls have been summarized previously (Sun et al., 2019). No significant difference was found in the sex ratio between T1DM patients and the controls (p = 0.418), while the age and BMI of the T1DM group were lower than those of the control group (p < 0.01, p < 0.01). The FBG and PPG of the T1DM group were significantly higher than those of the healthy control group (p < 0.01, p < 0.01).
Comparison of Genotype and Allele Frequencies of the 2 Single-Nucleotide Polymorphisms in Type 1 Diabetes Mellitus Patients and Controls
The 2 SNPs (rs1143627 and rs1143643) in the IL1B gene in this study were in Hardy-Weinberg equilibrium, indicating that the samples were representative of the population (Table 2). The genotypes and allele frequencies of the 2 SNPs are summarized in Table 3. For the rs1143627 polymorphism in the IL1B gene, the distribution frequencies of the 3 genotypes GG, GA and AA in the T1DM group were 20.8, 51.8 and 27.4%, respectively, while those in the healthy control group were 18.1, 52.7 and 29.2%, respectively. The distribution frequencies of allele G in the T1DM group and control group were 46.7 and 44.4%, respectively. The distribution frequencies of allele A in the T1DM group and control group were 53.3 and 55.6%, respectively. There was no significant difference in any genotype or allele frequency between the two groups after adjusting for BMI (p > 0.05). For the rs1143643 polymorphism of the IL1B gene, the distribution frequencies of the 3 genotypes CC, CT and TT in the T1DM group were 22.9, 49.5 and 27.6%, respectively, while those in the healthy control group were 21.3, 48.0 and 30.7%. The distribution frequencies of allele C in the T1DM group and control group were 47.6 and 45.3%, respectively. The distribution frequencies of allele T in the T1DM group and control group were 52.4 and 54.7%, respectively. There was no significant difference in any genotype or allele frequency between the two groups after adjusting for BMI (p > 0.05).
TABLE 2 | Hardy-Weinberg Equilibrium of 1LIB Gene Polymorphisms.
[image: Table 2]TABLE 3 | Genotype and allele frequencies of rs1143627 and rs1143643 between T1DM patients and controls (numbers of genotypes and alleles (%) or (95% CI)].
[image: Table 3]Association Between the 2 Single-Nucleotide Polymorphisms and Type 1 Diabetes Mellitus Susceptibility Under Different Genetic Models
Given that the association between susceptibility genes and T1DM is not consistent under different genetic models, we used 4 genetic models to explore the association between IL1B gene polymorphisms and T1DM. The results of this study in the Chinese Han population suggested that there was no risk association between the development of T1DM and the IL1B rs1143627 and rs1143643 polymorphisms in any genetic inheritance model (dominant, recessive, overdominant, and additive) (Table 4).
TABLE 4 | Genetic models of rs1143627 and rs1143643 between the T1DM group and control group [OR (95% CI)].
[image: Table 4]Association of the Type 1 Diabetes Mellitus Polymorphisms and Clinical Characteristics
In this study, we further explored whether there is a genotype-phenotype association of the IL1B gene polymorphisms with the clinical characteristics of T1DM patients. We collected peripheral blood from T1DM patients with the GG/GA/AA genotypes of IL1B rs1143627. Analysis of the basic information (sex, age of onset, course of the disease, and BMI), biochemical results (FCP, PCP, HbA1c, TG, TC, HDL, and LDL), and antibody results (GADA positivity rate and titer, IA-2A positivity rate and titer, and ZnT8A positivity rate) of IL1B revealed that T1DM patients with the GG genotype showed a lower rate of positivity for IA-2A and ZnT8A than patients with the GA and AA genotype (p < 0.001, p = 0.006, Table 5). The ILB gene of rs1143643 was also analyzed in the same way. The results revealed that the CC genotype in T1DM patients was also related to the antibody positivity rate. T1DM patients with the CC genotype displayed a lower rate of positivity for IA-2A and ZnT8A than patients with the CT and TT genotypes (p = 0.002, p = 0.028, Table 6).
TABLE 5 | Clinical characteristics of participants with T1DM with different genotypes of rs1143627.
[image: Table 5]TABLE 6 | Clinical characteristics of participants with T1DM with different genotypes of rs1143643.
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T1DM is an autoimmune disease in which both genetic and environmental factors influence the disease susceptibility (Xie et al., 2014; DiMeglio et al., 2018). Genetic factors play a critical role in the pathogenesis of T1DM. Many immune-related genetic variants, such as those in HLA genes (Howson et al., 2009) and CTLA4 genes (Ueda et al., 2003), have been confirmed to be related to T1DM. Therefore, attention has been given to specific inherited immune phenotypes that are valid for early T1DM prediction and clinical trials (Todd, 2010).
In addition, T1DM is a T cell-mediated chronic inflammatory autoimmune disease with a strong inflammatory component, which is characterized by specific damage to pancreatic β cells. Innate immunity and inflammatory mediators make significant contributions to the pathogenesis of T1DM. The role of inflammation and its related mediators have an important role in a series of T1DM stages, including insulitis induction, amplification and maintenance or resolution (Eizirik et al., 2009). Additionally, inflammasomes play a vital role in the development and progression of autoimmunity (Shaw et al., 2011), inflammation (Hoffman et al., 2004) and metabolic disease (Vandanmagsar et al., 2011), and many SNPs in inflammasome-associated genes, including NLRP1 (Valdes et al., 2012; Luo et al., 2016; Sun et al., 2019), NLRP3 (Noble et al., 2010), NLRP12 (Borghini et al., 2011) and CARD8 (Noble et al., 2010; Mason et al., 2014), are involved in and associated with patient susceptibility to T1DM.
In our primary study, we first enrolled 24 T1DM patients within 1 year of disease diagnosis and 27 matched healthy controls as a preliminary validation experiment and compared the results against previous studies (Odegaard and Chawla, 2012). The results showed that serum from T1DM patients had a higher concentration of IL-1β than serum from healthy controls, which is consistent with previous studies. Given this result and the current understanding of the IL1B gene in the autoimmune and inflammatory diseases mentioned above, we further explored the association of IL1B gene polymorphisms and T1DM susceptibility.
In addition, the IL1B gene SNPs (rs1143643 and rs1143627) chosen in our study have been demonstrated to be associated with other autoimmune inflammatory diseases, such as RA (Rong et al., 2020), ASSD (Ponce-Gallegos et al., 2020) and inflammatory bowel disease (IBD) (Liu et al., 2020). In view of the potential role of IL1B rs1143627 and rs1143643 in the immune and inflammatory-related diseases mentioned above and the fact that relationships between polymorphisms in the IL1B gene and the risk of T1DM remain discrepant, we aimed to investigate whether the presence of these two polymorphisms (rs1143627 and rs1143643) is associated with T1DM.
This study focused on the Chinese Han population; gene polymorphisms in 510 T1DM patients and 531 healthy controls were analyzed using a case-control study. Their contributions to the genetic risk of T1DM were evaluated. At the same time, we analyzed and compared the differences in clinical data among different genotypes of the IL1B gene. The results showed that both rs1143627 and rs1143643 in the IL1B gene correlated with the antibody positivity rates of IA-2A and ZnT8A. T1DM patients with the CC genotype of rs1143643 showed a lower rate of positivity for IA-2A and ZnT8A than patients with the CT and TT genotypes, and T1DM patients with the GG genotype of rs1143627 also showed a lower rate of positivity for IA-2A and ZnT8A than patients with the GA and AA genotypes. The study did not find that the two candidate SNPs of the IL1B gene are related to susceptibility to T1DM. The limited sample size may be one reason, or it may be that the corresponding genotypes can only delay the progression of T1DM instead of reducing the risk of T1DM.
Our study has the following advantages. It is the first to detect the association between inflammasome-related gene polymorphisms and T1DM in the Chinese Han population. We collected more than 500 cases of T1DM, which is very impressive in the study of T1DM in low-incidence countries. In addition, the sources of our samples are homologous. The DNA samples we used were all from the Han population in Hunan Province, which avoids the influence of genetic heterogeneity in the Han population from different provinces on the accuracy of the results. More importantly, we also analyzed the differences in various clinical characteristics of T1DM patients with different genotypes. However, the findings of this study should be explained in terms of several limitations. First, the number of IL1B gene polymorphisms selected for association analysis was too small. We will consider carrying out a further study with more SNPs and performing a more detailed analysis to explore the impact of gene polymorphisms on the recurrence of T1DM. Second, T1DM is not a monogenic disease but results from multiple gene interactions and interactions between genes and the environment (Todd, 2010). An exploration of the interaction between inflammasome-related gene polymorphisms and HLA susceptibility loci in T1DM was lacking in this study. Finally, to clarify how the specific genetic background leads to the destruction of islet β cells, it is necessary to carry out more extensive and profound functional research on the polymorphisms that have been proven to be associated with susceptibility to T1DM and to further analyze their contribution to T1DM in order to provide a molecular epidemiological basis for a more detailed understanding of the underlying genetic pathogenesis of T1DM and to provide additional molecular biological indicators for the early diagnosis of T1DM.
CONCLUSION
Our study found that T1DM patients showed a higher concentration of IL-1β than healthy controls. However, the results did not find an association of rs1143627 and rs1143643 in the IL1B gene with T1DM susceptibility in the Chinese Han population. It was confirmed that both the rs1143627 and rs1143643 polymorphisms in the IL1B gene are significantly related to the positivity rates of IA-2A and ZnT8A in T1DM patients.
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Sheng-Ji Hua-Yu (SJHY) formula has been proved to reduce the severity of diabetic wound healing without significant adverse events in our previous clinical trials. However, based on multi-target characteristics, the regulatory network among herbs, ingredients, and hub genes remains to be elucidated. The current study aims to identify the biomarkers of the SJHY formula for the treatment of diabetic wound healing. First, a network of components and targets for the SJHY formula was constructed using network pharmacology. Second, the ClusterONE algorithm was used to build a modular network and identify hub genes along with kernel pathways. Third, we verified the kernel targets by molecular docking to select hub genes. In addition, the biomarkers of the SJHY formula were validated by animal experiments in a diabetic wound healing mice model. The results revealed that the SJHY formula downregulated the mRNA expression of Cxcr4, Oprd1, and Htr2a, while upregulated Adrb2, Drd, Drd4, and Hrh1. Besides, the SJHY formula upregulated the kernel pathways, neuroactive ligand–receptor interaction, and cAMP signaling pathway in the skin tissue homogenate of the diabetic wound healing mice model. In summary, this study identified the potential targets and kernel pathways, providing additional evidence for the clinical application of the SJHY formula for the treatment of diabetic wound healing.
Keywords: diabetic wound healing, SJHY formula, modular pharmacology, molecular docking, experimental verification
1 INTRODUCTION
Diabetic wounds are a severe health problem, while the prevalence of diabetes worldwide and foot ulceration is approximately 3% in a community-based cohort clinical study (Zhang et al., 2017; Narres et al., 2017). It is estimated that up to 50% of patients with diabetic foot ulceration have peripheral arterial disease in high- or middle-income countries (Prompers et al., 2007; Morbach et al., 2012), whereas a higher incidence of neuropathic ulcers was observed in low-income countries (Rigato et al., 2018; Younis et al., 2018). Chronic ulcers, resulted in amputation, are among the most frequent complications corresponding to diabetes, which account for over 200 billion USD in annual in healthcare costs (den Dekker et al., 2019).
In the field of clinical treatment, platelet-derived growth factor was the only drug approved by U.S. Food and Drug Administration for the treatment of diabetic wound to date. However, availability of it was limited due to heavy cost (Papanas and Maltezos, 2007; Barrientos et al., 2008). As recommended in guidelines (Guo et al., 2020), arterial reconstruction of the lower limbs is the moose vital measure, while patients undergoing surgical revascularization are at increased risk of surgical mortality (Hinchliffe et al., 2016). Consequently, appropriate interventions targeted as diabetic wound should be taken to improve long-term clinical efficacy.
The clinical application and research of traditional Chinese medicine (TCM)–treated diabetic wound healing have been extensively investigated and broadly applied. The SJHY formula is an effective compound preparation of Chinese herbal medicine for treating diabetic wounds, which was formulated on the basis of TCM theories of “qu-fu-sheng-xin (removing necrotic tissues to stimulate the growth of new skin)” (Li et al., 2012) and “sheng-ji-hua-yu (promoting the growth of new tissues and simultaneously melting the stasis)” (Li et al., 2011). SJHY formula is summed up according to clinical practice, while consisting of Sheng-ji recipe and Hua-yu recipe (Li, 2000). Herbal formula treatment is efficient in the management of diabetic skin ulcers, and healing time is 2–3 days shorten than western medicine treatment (mupirocin ointment, growth factor (bFGF), and Vaseline gauze for external use and with basic therapies), which are consistment with our previous animal experiment reported (Li et al., 2011; Kuai et al., 2018; Xiang et al., 2021). Additionally, the SJHY formula has been validated to be efficacious to treat diabetic wound healing via higher order Markov chain set pair analysis (Kuai et al., 2020) and cloud model set pair analysis (Kuai et al., 2019). However, further investigations are required to elucidate the regulation mechanisms of SJHY formula–treated diabetic wound healing.
The effectiveness of single-target therapy is inadequate for complex diseases recently (Lord and Ashworth, 2010). Due to the characteristics of complexity of diseases with multiple targets, modular pharmacology, which employed multiple modules according to combination therapy, was developed, which has been considered to be the next paradigm in drug discovery (Wang et al., 2012). Taking into consideration topological overlap, ClusterONE can improve the performance of module detection, together with an effect in predicting functional modules (Cheng et al., 2019; Amjad et al., 2020). Hence, the approach of modular pharmacology using the ClusterONE tool has been used for research on TCM and natural medicine (Chen et al., 2016).
Molecular docking, a computational technique extensively adopted in drug discovery, which established in silico structure-based docking enables predicting bond conformations and free binding energies, and places small molecule ligands to targets predicting ligand–target interactions at a molecular level (Pinzi and Rastelli, 2019).
Based on the evidences, the current studies applied the ClusterONE algorithm for modular pharmacology to identify biomarkers of SJHY formula on the treatment of diabetic wound healing. Furthermore, we verified the targets by molecular docking and experiments in vivo (Figure 1).
[image: Figure 1]FIGURE 1 | Study design.
2 METHODS
2.1 Components and Corresponding Targets of SJHY Formula
The search was performed on TCMSP (https://www.tcmspw.com, Ru et al., 2014), the comprehensive database of TCMID (http://www.megabionet.org/tcmid/, Huang et al., 2018), and BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm, Liu et al., 2016), using “Huang Qi,” “Dan Shen,” “Bai Zhi,” “Da Huang,” “Zi Cao,” “Xue Jie,” “Lu Gan Shi,” and “Zhen Zhu Fen” as keywords. Table 1 shows Latin name or English name of each herb. Information of molecular molecule IDs, molecule names, and target names for each herb has been downloaded. The gene names of targets were largely annotated on the UniProt database (https://www.uniprot.org), while subsequently normalized to gene symbol.
TABLE 1 | Number of components and potential targets of SJHY formula.
[image: Table 1]2.2 Acquisition Targets of Diabetic Wound Healing
Corresponding targets associated with the disease of diabetic wound healing were collected from the GeneCards database (https://www.genecards.org, Lin and Hu, 2021), Online Mendelian Inheritance in Man database (OMIM, https://www.omim.org, Amberger and Hamosh, 2017), PharmGKB database (https://www.pharmgkb.org, Barbarino et al., 2018), Therapeutic Targets Database (TTD, db.idrblab.net, Wang Y. et al., 2020), and DrugBank database (https://www.drugbank.com, Wishart et al., 2018). An intersection of targets associated with diabetic wound healing diseases and the targets of SJHY formula was constructed, as potential targets for subsequent gene annotation and an enrichment analysis.
2.3 Component–Target Network Construction
According to the pairs of herbs components and component–target, the SJHY formula network image was produced using Cytoscape software (version 3.6.0). Nodes of different colors represented core ingredients or targets, and the edges were used to describe the interaction relationship between each Chinese medicine and the ingredients along with the targets.
2.4 Gene Annotation and Function Enrichment
In the current study, the gene annotation and the function enrichment analysis were performed using Metascape (http://metascape.org) (Zhou et al., 2019), which consist of the Gene Ontology (GO) function enrichment analysis, including the biological process, cellular component, molecular function, reactome gene sets, canonical pathways, CORUM, and Kyoto Encyclopedia of Genes and Genomes (KEGG). A p-value < 0.01 and an enrichment score of >1.5 were considered to be statistically significant.
2.5 Protein–Protein Interaction Network
Protein–protein interaction (PPI) networks are used as viable tools for understanding disease mechanisms, drug discovery, or repositioning drugs (Vella et al., 2018). The STRING database (https://string-db.org/) was particularly adept at collection, scoring, and integrating all publicly available sources. The present study conducted a PPI network study based on potential targets of SJHY formula and diabetic wound healing to investigate the interactions with the highest confidence (0.900). Furthermore, the network analyzer of network topology parameters was used as a tool to calculate the average degree of freedom, and the PPI data was obtained for further modular analysis.
2.6. Modular Analysis Using ClusterONE Algorithm
The ClusterONE algorithm aims to calculate the topology graph of the PPI network (Chen et al., 2016) and identifies modules in protein interaction networks (Cheng et al., 2019). The determined clusters were considered as kernel targets, which were defined as the node size >5, p-value < 0.0001, quality >0.60, and density >0.05.
Next, genes were sorted according to the degree of freedom in each inner cluster, and we identified three markers per cluster in the modular-based approach as hub genes of SJHY formula for the treatment of diabetic wound healing. Furthermore, we constructed a target pathway network map based on kernel clusters, and selected kernel pathways according to the size of nodes. Furthermore, the kernel targets of each cluster were used for the GO network and the KEGG target network analysis.
2.7 Molecular Docking Verification
We downloaded the compound SDF structure from the PubChem database (https://pubchem.ncbi.nlm.nih.gov/, Kim et al., 2021), used Chem3D energy minimization to save it in mol2 format, and AutodockTools 1.5.6 to open the small ligand molecule and saved it as a pdbqt file. Furthermore, we selected human-derived protein with a co-crystal structure and high resolution as the protein used for docking in this subject from Uniprot (https://www.uniprot.org/, The UniProt Consortium. 2017). The three-dimensional structures of the protein were downloaded from the RCSB database (www.rcsb.org/, Burley et al., 2018). AutodockTools 1.5.6 was adopted to add all hydrogen atoms, calculated Gasteiger charge, defined as an acceptor, and saved as a pdbqt file. Autodock Vina was used for semi-flexible docking. The lowest docking energy was considered as a condition to select for the docking binding mode analysis, the force was analyzed using Discovery Studio, and Pymol was used for mapping.
2.8 Experimental Verification
2.8.1 SJHY Formula Preparation
SJHY formula consists of eight Chinese herbs (Supplementary Table S1). The herbs of SJHY formula were approved and obtained from the pharmacy department. The preparation process of SJHY formula was in accordance with our previous study (Kuai et al., 2018). The effective components of SJHY formula were extracted with 95% ethanol and mixed with carbomer. The mixture was stored at 4°C. For the LC-MS/MS analysis, the SJHY formula (50 μl) was first diluted with 40% methanol solution (950 μl, pre-cooled) and labeled as di20. Then we adulterated the di20 (50 μl) with 40% methanol solution (450 μl, pre-cooled) and stamped it as di200. All the diluted samples were centrifuged at 4°C at 16,000 rpm for 15 min, and the supernatant was transferred to the liquid vial and stored in the refrigerator at 4°C.
2.8.2 Liquid Chromatography Tandem–Mass Spectrometer (LC-MS/MS)
LC-MS/MS analysis was performed for quality control of SJHY formula utilizing Waters ACQUITY UPLC I-Class coupled with a 5500 QTRAP mass spectrometer (SCIEX) at the column temperature of 35°C. The mobile phase (A: aqueous solution containing 0.1% formic acid; B: acetonitrile solution containing 0.1% formic acid) was delivered at a speed of 0.3 ml/min: 0–3 mins (5%–25%B); 3–8.5 mins (25%–45%B); 8.5–12 mins (45%–95%B); 12–15 mins (95%–98%B); 15–15.2 mins (98%–5%B); and 15.2–18.2 mins (5%B).
2.8.3 Animals
The current study used C57BL/6 mice with the specific pathogen-free (SPF), placed at a temperature of 21–25°C for 16 h and dark for 8 h, provided by the Shanghai Medical Experimental Animal Center. The experiment was approved by the Ethics Committee of Yueyang Hospital (No.19964, Supplementary Figure S1). The mice were distributed into three groups (n = 4 for each group) randomly, as follows: control group, disease group, and SJHY group.
2.8.4 Model Establishment
A diabetic skin wound mice model was established in the current study. Animals in the disease group and SJHY group were intraperitoneally injected with 2% streptozotocin (dissolved in a citrate buffer solution). The condition of the diabetic model was blood glucose (BG) over 16.7 mmol/L. After shaving, a sterile punch was adopted to make full-thickness excisional skin wounds (Kuai et al., 2018; Xiang et al., 2021). The intervention measures of the disease group and the control group were vehicle ointment, while SJHY ointment was applied to the SJHY group. The mice were executed and skin tissues were taken on day 9 after punching.
2.8.5 qPCR
Total RNA was isolated from mouse skin tissues with a Trizol reagent (Invitrogen, USA). Real-time PCR was performed by the FastStart Universal SYBR Green Master (Rox) (Roche). Non-specific amplifications have been monitored using melting curves. The relative expression level was calculated according to the 2-ΔΔCt method. PCR primer sequences are displayed in Supplementary Table S2.
2.8.6 ELISA
ELISA was performed using mice skin tissue. The conditions include incubation at 4°C and centrifugation for 5 min. cAMP mouse ELISA kit (CSB-E15061m, CUSABIO) and AGTR1 mouse ELISA kit (LS-F18244, LSBio) were used to monitor cAMP and AGTR1 protein content.
2.8.7 Statistical Methods
Data involved in experimental validation was analyzed with GraphPad Prism 8. The T test was produced to compare among the groups, and a p-value of less than 0.05 was used as the condition for statistically significant difference.
3 RESULTS
3.1 Identification of SJHY Formula and Disease Targets
To obtain compound disease common targets, we retrieved on the TCMSP, TCMID, BATMAN-TCM, GeneCards, OMIM, PharmGKB, TTD, and DrugBank databases. 529 components were obtained, and 659 SJHY formula corresponding targets of these components were retrieved after screening on the TCMSP database (Supplementary Table S3). 5,028 genes associated with diabetic wound healing were collected from GeneCards, OMIM, PharmGKB, TTD, and DrugBank databases. After the restriction of conditions (by intersecting the targets associated with diabetic wound healing diseases and the targets of SJHY formula), 328 targets were identified (Figures 2A,B).
[image: Figure 2]FIGURE 2 | Potential targets and the enrichment analysis of diabetic wound healing and SJHY formula identification. (A) Venn graph of potential targets of diabetic wound healing using five databases. (B) Venn graph of the intersection of diabetic wound healing and SJHY formula potential targets. (C) A network of components and targets construction.
3.2 Component–Target Network Construction
To clarify how the SJHY formula may act against diabetic wound healing, we used Cytoscape software to build an ingredient–target network (Figure 2C; Supplementary Table S4). A node represented each protein, and the node’s size was proportional to the node’s degree. The edges denoted that nodes could interact with each other. Here, 328 targets after intersection were included in the compound–target interaction network.
3.3 Gene Annotation and Enrichment Analysis
To illuminate potential functions of these potential targets (328 target genes after intersection), gene annotation and a function enrichment analysis has been performed. The top twenty representative terms were displayed (Figure 3A). Furthermore, a network based on subsets was constructed, with a condition of similarity >0.3 (Figures 3B,C). Specifically, the genes enriched in SJHY formula for the treatment of diabetic wound healing were associated with the neuroactive ligand–receptor interaction and the cAMP signaling pathway, along with the pathway in cancer.
[image: Figure 3]FIGURE 3 | Gene annotation and the enrichment analysis.
3.4 PPI and Kernel Cluster Network Construction
In order to further investigate the hub genes, a new modular network was established according to the ClusterONE algorithm for determining the kernel therapeutic targets (Figures 4A,B). Based on the conditions, a total of three clusters were selected for a subsequent analysis (Table 2). Following the filter condition of each cluster, CXCR4, DRD4, and OPRD1could be considered as kernel targets. ADRB2 reached the highest degree of freedom in Cluster 2, followed by HRH1, HTR2A, and ADRA1A. Except for ADRB2 and DRD1, Cluster 3 contained ADRB3. Taken together, these results suggested that those kernel targets could be considered as the kernel targets of SJHY formula–treated diabetic wound healing (Table 3).
[image: Figure 4]FIGURE 4 | Modular pharmacology and the kernel cluster analysis based on the ClusterONE algorithm. The points represent genes, and the edges represent protein–protein interaction. The points in orange color represent the kernel genes, and the green points represent the genes that interacted with kernel genes.
TABLE 2 | Modular analysis using the ClusterONE algorithm.
[image: Table 2]TABLE 3 | Hub genes based on the modular analysis.
[image: Table 3]Further analysis of the GO network was conducted on Cytoscape software, and the data revealed the main outcomes of GO characterization: vitamin B6 binding, response to alkaloid, and G protein–coupled amine receptor activity (Figure 5). To further investigate the regulatory relationship between the targets, we have drawn a pathway–target network analysis using screening conditions: BC > Avg (BC), CC > Avg (CC), and De > Avg (De). As Figure 6, it manifested that the neuroactive ligand–receptor interaction (Supplementary Figure S2) and the cAMP signaling pathway (Supplementary Figure S3) could be considered as the kernel pathways of the SJHY formula–treated diabetic wound healing.
[image: Figure 5]FIGURE 5 | GO network analysis based on kernel targets. The nodes in different colors represent different enrichment degree. Red color means high enriched GO terms, and green color means low enrichment degree.
[image: Figure 6]FIGURE 6 | KEGG–target network analysis based on kernel pathways.
3.5 Molecular Docking
Molecular docking was adopted for predicting bond conformations and free binding energies in the current study. The relevant results in binding energy (BE) of the small molecule and macromolecule were considered as an evaluation index. BE values less than −7 kcal/mol were considered to represent significant binding affinity, while BE < −8.5 kcal/mol were chosen for molecular docking. The results of the binding energy computations can be obtained from Table 4, while the correlations analysis with bivariate correlations can be obtained from Figure 7. Based on the evidences from molecular docking, we considered that the structure of CXCR4–Astragaloside (BE = −8.8 kcal/mol; Figure 8A), HRH1–Lobelanidine (BE = −8.7 kcal/mol; Figure 8B), HTR2A–Dauricine (BE = −9.8 kcal/mol; Figure 8C), and OPRD1–Lobelanidine (BE = −9.4 kcal/mol; Figure 8D) were most stable, while DRD1, DRD4, and ADRB2 were also proposed as kernel targets of SJHY formula–treated diabetic wound healing.
TABLE 4 | Molecular docking.
[image: Table 4][image: Figure 7]FIGURE 7 | Heatmap of binding energy of compounds and targets. Color of red represents high BE values, and white and pink colors mean a low value of binding affinity.
[image: Figure 8]FIGURE 8 | Molecular docking on hub genes. (A) CXCR4–astragaloside; (B, HRH1–lobelanidine; (C) HTR2A–dauricine; (D) OPRD1–lobelanidine.
3.6 Experimental Verification
3.6.1 Quantitative Analysis of SJHY Formula by LC-MS/MS
LC-MS/MS analysis was performed to establish the quality control of SJHY formula by identifying and quantifying ingredients involving loureirin A, loureirin B, paeonol, formononetin, and liquiritin. The structure of the aforementioned compounds is displayed in Figure 9A, and the general ion flow chromatographic of SJHY formula is shown in Figure 9B. The content of loureirin A, loureirin B, paeonol, formononetin, and liquiritin in the SJHY formula was 113.41 ug/ml, 129.39 ug/ml, 21.82 ug/ml, 13.99 ug/ml, and 5.00 ug/ml, respectively (Table 5).
[image: Figure 9]FIGURE 9 | Analysis of components of SJHY formula. (A) Chemical structure of loureirin A, loureirin B, paeonol, formononetin, and liquiritin, respectively; (B) Total ion chromatogram of SJHY formula separated by a positive and negative ion mode.
TABLE 5 | Quantification of components from SJHY formula.
[image: Table 5]3.6.2 SJHY Formula Regulated mRNA Expression of Kernel Genes
To verify the kernel network, the mRNA levels of the target genes was quantified by real-time PCR, and all seven genes reached statistical significance. The results of qPCR showed that the SJHY formula downregulated Cxcr4, Oprd1, and Htr2a with statistical significance, on comparison with the disease group. At the same time, the mRNA expression levels of Adrb2, Drd1, Drd4, and Hrh1 were significantly increased. Together these results provided important insights that the mRNA expression level of hub genes might help evaluate the efficacy of SJHY formula for the treatment of diabetic wound healing (Figure 10A).
[image: Figure 10]FIGURE 10 | Experiment validation of hub genes and kernel pathways on day 9 after punching. (A) Detection of expression of hub genes using qPCR; (B) Validation of kernel pathways using ELISA. #p < 0.05, ##p < 0.01, compared with the control group. *p < 0.05, **p < 0.01, ***p < 0.001, **** p < 0.0001 compared with the disease group.
3.6.3 SJHY Formula Increased Protein Expressed Levels of Kernel Pathway–Related Genes in Mice
The ELISA was adopted to evaluate the expression of cAMP and AGTR1, neuroactive ligand–receptor interaction, and cAMP signaling pathway–related genes in the tissue homogenate sample after SJHY formula treatment, and these proteins showed that the expression of cAMP and AGTR1 were increased with statistically significance (Figure 10B).
4 DISCUSSION
Wound healing is a major complication of diabetes which usually leads to limb loss or disability (den Dekker et al., 2019). Currently, the Food and Drug Administration (FDA) declared for the clinical use of a platelet-derived growth factor, which was the only drug for the treatment of diabetic wound. Additionally, alternative therapies such as SJHY formula, could improve clinical response rate and shorten the clinical course by 2–3 days compared with Western medicine treatment, which are increasingly getting clinical applications worldwide. The therapeutic effect of TCM on diabetic wound healing is mainly through the interaction between multiple molecules.
We have previously demonstrated the therapeutic effects of SJHY formula on diabetic wound healing (Li et al., 2011; Kuai et al., 2018). Notably, the LC-MS/MS analysis was utilized to identify and quantify the compounds of SJHY formula, involving loureirin A, loureirin B, paeonol, formononetin, and liquiritin (Figure 9; Table 5). Loureirin A play an active role in wound healing by promoting hair follicle stem cells to repair skin epidermis (Li et al., 2018). Interestingly, loureirin B may downregulate the mRNA and protein levels of several fibrosis-related molecules and suppress the proliferation of hypertrophic scar (HS) fibroblasts, thus reducing scar formation (Bai et al., 2015). Paeonol, a compound that possesses anti-inflammatory, analgesic, antioxidant, and anti-allergic properties, has been proved to treat inflammation-related diseases, allergies, and cancer (Liu et al., 2014). Furthermore, formononetin inhibits NO production, inflammatory infiltration, and improve blood microcirculation, resulting in accelerated wound healing (Huh et al., 2011; Lai et al., 2013). As for liquiritin, it has been applied to treat against skin inflammation, various cancers, and digestive disorders by reducing inflammation, oxidative stress, apoptosis, and metabolic alterations (Xiong et al., 2021; Han et al., 2019). Taken together, these evidences may explain the clinical phenomenon that SJHY formula ameliorates retarded wound healing of diabetes and simultaneously reduces scar formation.
In the present study, the ClusterONE algorithm and molecular docking were applied to the compound prescription of TCM-treated diabetic wound healing. According to the networks, 529 components of SJHY formula were selected by the TCMSP database. Furthermore, we obtained 659 corresponding targets. Moreover, disease-related targets were determined using the five databases. After the intersection of drug targets and disease targets, 328 targets were obtained. As the modular network reveals and molecular docking experiment validates, we inferred that the following proteins could be considered as hub genes of SJHY formula: OPRD1, CXCR4, HTR2A, HRH1, DRD1, DRD4, and ADRB2.
The diabetic wounds have multiple factors, broadly divided into three categories: neuropathy, chronic inflammation, and angiopathy (Moura et al., 2019). Peripheral neuropathy is routinely used in risk assessment, presently in roughly half of non-healing wound cases and neurological evaluation (Moura et al., 2019). The present study indicated that SJHY formula might regulate multiple neurotransmitters levels to treat diabetic wound healing. OPRD1, a target of many regulators to modulate its neurotransmission for the role in neurosecretion, was significantly upregulated following SJHY formula. These results were in keeping with previous animal experiment studies, which indicated that OPRD1 was significantly regulated by nerve damage in the ganglion, and upregulated on the 4th day after the injury (Korczeniewska et al., 2020). Besides the decreased pain sensation, neuropathy also decreases neuropeptide expression (da Silva et al., 2010), which could regulating inflammation in the process of wound healing (Curtis and Radek, 2012).
Chronic inflammation is considered as a center link in the progression of diabetic wound healing disease (Moura et al., 2019). C-X-C motif chemokine receptor 4 (CXCR4), thought to serve a critical role in the regulation of inflammation and cancer biology, has gained a lot of attention in recent years (Kircher et al., 2018). The expression of CXCR4 was upregulated in the blood vessels, macrophages, and skin tissue of K14-VEGF-A induced mice (Zgraggen et al., 2014), and indicated the pivotal role in early inflammation (Konrad et al., 2017). CXCR4 was identified as a hub gene of SJHY formula with one of the lowest binding energy values in molecular docking, while qPCR verified that Cxcr4 was decreased after treatments. These results were consistent with those in previous studies.
The results on mRNA expression of Htr2a reflected those in the previous study of Yang et al., who had also found that accumulation of macrophages and neutrophils along with increased levels of inflammatory cytokines, were associated with inflammation (Yang et al., 2020). Meanwhile, the absence of 5-HT suppressed hepatic lipid load and the expression of inflammatory factors, including TNF-α, IL-6, and MCP1 (Wang L. et al., 2020). Another animal experiment also validated that HTR2A was upregulated significantly after inflammation/pain in the dorsal root ganglion following disc puncture in rats (Fujioka et al., 2016).
Histamine and histamine receptors (HRHs) have been confirmed as a kernel molecule in inflammation (Tanaka et al., 2016). Histamine promotes function of keratinocytes in inflammation, and keratinocytes receptors get involved in histamine-induced inflammation, predominantly mediated by HRH1 (Gutowska-Owsiak et al., 2014). Besides, adrenergic receptor (ADR)-agonists have indicated anti-inflammatory characteristics in immune or non-immune cell among various tissues. The present study confirmed several previous findings. Their anti-inflammatory properties are primarily mediated by overexpression of ADRB2 (Dorotea and Ha, 2021). The previous reports are in accordance with our experiment results.
Dopamine receptors are expressed in many immune cells and suppress inflammations (Liu et al., 2021). Our results of DRD1 and DRD4 corroborate the findings of a great deal of the previous study. One previous study reported that it inhibited NLRP3 inflammasome activation via DRD1, which negatively regulated NLRP3 inflammasome by cAMP, promoting ubiquitination of NLRP3 together with its degradation. Furthermore, it has been observed that DRD1 prevented NLRP3 inflammasome–dependent inflammation in vivo (Diaz-Espinosa et al., 2020). Further studies found that DRD4 downregulated the expression of cAMP, which further inhibited the PKA/p38 signaling pathway and downregulated the inflammation factors in a mouse model (Liu et al., 2021). The evidences on qPCR attributed that SJHY formula upregulated the expression of DRD1 and DRD4.
The neuroactive ligand–receptor interaction contained a few pairs, including HTR, DRD, and ADR, which had been considered as hub genes of SJHY formula treated diabetic wound healing as well as played a regulatory role in peripheral nerve disease and chronic inflammation. Besides, the current study detected protein expression of AGTR1, and the result validated that SJHY formula could significantly regulate a relevant neuroactive ligand–receptor interaction.
Another kernel pathway, the cAMP signaling pathway, has been reported in previous studies that it has a role in proliferation, inflammation, and migration, which are present on the progression through distinct yet overlapping phases of wound healing (Boniakowski et al., 2017). cAMP has a dual effect on cell proliferation in the early G0 or G1 phase. Second, cAMP binds to NLRP3 and promotes its ubiquitination together with degradation through the E3 ubiquitin ligase MARCH7. Besides, an increase of cyclic adenosine monophosphate in adult neurons will cause them to grow like newborn neurons in the presence of protein myelin-associated glycoprotein. Consistent with the previous validation, the protein expression level of cAMP was significantly reduced following SJHY formula in the present study, which suggested that the cAMP signaling pathway could be the kernel pathways of SJHY formula treated diabetic wound healing.
Nevertheless, the current study also has some limitations. First, the evidences of molecular docking provided several pairs of TCM ingredients and target, which required further inquiry. Second, genetic function and rescue experiments on hub genes and kernel pathways were required in future research. Third, clinical sample validation should be further conducted.
5 CONCLUSION
The current study used modular pharmacology analysis to identify the hub genes and pathways of SJHY formula–treated diabetic wound healing. The present study proved that SJHY formula downregulated the mRNA expression of Cxcr4, Oprd1, and Htr2a, while upregulated Adrb2, Drd, Drd4, and Hrh1. Furthermore, kernel cluster enrichment analysis indicated that the SJHY formula could regulate the neuroactive ligand–receptor interaction and the cAMP signaling pathway to ameliorate skin lesions of diabetic wound healing–like mice model.
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Triple-negative breast cancers are heterogeneous, poorly prognostic, and metastatic malignancies that result in a high risk of death for patients. Targeted therapy for triple-negative breast cancer has been extremely challenging due to the lack of expression of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2. Clinical treatment regimens for triple-negative breast cancer are often based on paclitaxel and platinum drugs, but drug resistance and side effects from the drugs frequently lead to treatment failure, thus requiring the development of new therapeutic platforms. In recent years, research on traditional Chinese medicine in modulating the immune function of the body has shown that it has the potential to be an effective treatment option against triple-negative breast cancer. Active components of herbal medicines such as alkaloids, flavonoids, polyphenols, saponins, and polysaccharides have been shown to inhibit cancer cell proliferation and metastasis by activating inflammatory immune responses and can modulate tumor-related signaling pathways to further inhibit the invasion of triple-negative breast cancer. This paper reviews the immunomodulatory mechanisms of different herbal active ingredients against triple-negative breast cancer and provides an outlook on the challenges and directions of development for the treatment of triple-negative breast cancer with herbal active ingredients.
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INTRODUCTION
Breast cancer is a serious threat to women’s life and health safety, especially triple-negative breast cancer (TNBC). The main feature of the disease is the lack of expression of estrogen receptor, progesterone receptor, and human epidermal growth factor receptor 2 (HER2) (Pareja and Reis-Filho, 2018). Neither endocrine therapy nor conventional targeted therapy is the best treatment (Goto et al., 2018). Chemotherapy is still the mainstay of advanced TNBC with paclitaxel/anthracycline-containing agents as the chemotherapy of choice, and platinum-based agents in combination with paclitaxel as an effective alternative adjuvant chemotherapy option for patients with operable TNBC (Coates et al., 2015; Yu et al., 2020). But these drugs were not developed as precise treatments based on the genetic and hereditary characteristics of TNBC itself, although the above regimens have resulted in prolonged survival cycles, the toxic effects are heavy and still not tolerated by some patients (Goto et al., 2018). Without other effective approaches, it may mean a poor prognosis. There is an urgent need to find a new effective anti-TNBC drug with few side effects (Chu et al., 2003).
TNBC is a kind of highly malignant cancer. It’s evolution and drug resistance remain the greatest challenges to disease treatment. Since targeted therapies are less effective against TNBC, immunotherapy may benefit patients. Immune-related drug targets are currently used in the clinical treatment of TNBC patients (Figure 1) (Li et al., 2018a). Paul Ehrlich, who first proposed the doctrine of immune surveillance in 1909, suggested that abnormal immune function might contribute to the development of tumors (Ehrlich., 1909). The first immune detection site to be used in medical practice was cytotoxic T lymphocyte-associated antigen-4 (CTLA-4), discovered in 1987 (Brunet et al., 1987). James Allison’s group first demonstrated in experiments in mice that the use of CTLA-4 antibodies could enhance immunity and suppress tumor development in 1996 (Leach et al., 1996). Programmed cell death-1 (PD-1) was discovered in 1992, and studies targeting the immune checkpoints CTLA-4, PD-1, and programmed cell death-Ligand 1 (PD-L1) have led to breakthroughs in a variety of cancer types. PD-1 inhibitors have brought the treatment of malignant tumors into a new era of immunotherapy (Ishida et al., 1992; Zhang et al., 2021). PD-1, in combination with PD-L1, can transmit inhibitory signals and help tumors undergo immune escape. Approximately 20% of TNBC express PD-L1 (Mittendorf et al., 2014), targeting PD-L1 therapy in TNBC patients with positive PD-L1 expression was found to prolong the survival of such patients (Romero, 2019).
[image: Figure 1]FIGURE 1 | TNBC-related immune drug targets (Li et al., 2018).
The database for Traditional Chinese Medicine on Immuno-Oncology contains 400 tumor immune targets from different literature and the corresponding 126,972 ligand molecules, demonstrating the active role of traditional Chinese medicine (TCM) in immune function (Liu et al., 2020). TCM works by modulating immune cells in the body, such as T lymphocytes, bursa dependent lymphocytes, natural killer cells, and macrophages cells, which can exert anti-tumor immune effects (Wang et al., 2020). There are many studies on the combined application of TCM with targeted drugs or immunotherapy, with the main purpose of improving efficacy, reversing drug resistance, reducing adverse effects, and prolonging the survival of patients (Chu et al., 2003; Liu et al., 2019a). Therefore, this paper focuses on the summary of different active ingredients of TCM in immunotherapy for TNBC.
Immune Effect of TCM Containing Alkaloids on TNBC
Plant alkaloids play an anti-cancer effect in cancer treatment. By regulating immune function, inhibiting angiogenesis, and inducing cell apoptosis (Efferth and Oesch, 2021). Tetrandrine has a wide range of antitumor effects and can inhibit MDA-MB-231 cell proliferation and induce cellular autophagy by inhibiting phosphatidylinositol-3-kinase (P13K), protein kinase B (AKT), mammalian target of rapamycin (mTOR) pathway (Liu et al., 2016; Guo and Pei, 2019). Reactive oxygen species (ROS) are a class of molecules produced during oxidative stress in the body, which are closely related to tumor immune tolerance and play a key role in immune monitoring (Bailly, 2020; Hu et al., 2021). ROS-triggered small ubiquitin-like modifier (SUMO)-specific protease 3 accumulation is involved in Treg cell-mediated immunosuppression (Yu et al., 2018). In addition to ROS, activation of the Ras, mitogen-activated protein kinase (MAPK) pathway may promote tumor immune evasion in TNBC (Loi et al., 2019). Sinomenine induced apoptosis in MDA-MB-231 cells by upregulating the MAPK pathway and by increasing intracellular ROS production. It also decreased the expression of IL-8, chemokine receptor 2(CXCR2) in MDA-MB-231 cells. Inhibited the activation of nuclear factor kappa-B (NF-κB) and sonic hedgehog signaling pathways in TNBC lung metastasis. (Li et al., 2014; Song et al., 2018; Zhang et al., 2019).
Berberine increased the release of lactate dehydrogenase in MDA-MB-231 cells in a dose-dependent manner, which led to a significant decrease in the secretion of IL-1α, IL-1β, IL-6, and TNF-α at the same time. Synergistic treatment with berberine and lipopolysaccharide significantly reduced the expression of TNF-α and IL- 6 (Zhao et al., 2017; Kim et al., 2018; Lin et al., 2019; Yao et al., 2019; Yao et al., 2019; Zhao and Zhang, 2020). High mobility group box-1(HMGB1) protein is an endogenous member of the proteome called danger-associated molecular pattern that promotes proliferation and survival of a variety of immunosuppressive cells. Synergistic effects of theophylline and berberine induce cell cycle arrest and poly ADP-ribose polymerase (PARP), HMGB1 protein and b-cell lymphoma 2 family-mediated apoptosis in MDA-MB-231 cells (Wild et al., 2012; Hashemi-Niasari et al., 2018).
Cisplatin resistance is associated with breast cancer susceptibility genes. The PARP inhibitor olaparib induces CD8+ T cell activation in vivo (Pantelidou et al., 2019; Pettitt et al., 2020). Triptolide downregulates PARP1 levels and inhibits BT549 as well as MDA- MB-231 cell growth, mainly by interfering with X-ray repair cross-complement 1, PAPR1-mediated base excision repair, thereby sensitizing TNBC to cisplatin (Zhang et al., 2019). Both Celastrol and Triptolide inhibit mammosphere formation in MDA-MB-231, BT20 progenitor cells. It inhibited the expression of stem cell marker proteins doublecortin-like kinase 1, aldehyde dehydrogenase, and CD133 (Prominin-1) (Ramamoorthy et al., 2021).
In addition to the above TCM containing alkaloids, such as aconitine, betaine, ephedrine, and evodiamine, which also have antitumor effects (Ma and Wink, 2008; Du et al., 2013; Hyuga et al., 2013; Tan et al., 2020; Zhang et al., 2021), but the immune mechanism of action on TNBC still deserves further investigation.
Immune Effect of TCM Containing Phenolic Compound on TNBC
During tumor progression, tumor cells continuously interact with the microenvironment and mediate immune tolerance. Polyphenols, the active ingredients of TCM, can inhabit the tumor microenvironment (Hui and Chen, 2015; Bian et al., 2020). The ability of breast cancer stem cells to self-renew is closely related to disease progression, and high expression of stem cell estrogen receptor alpha-36 (ER-α36) (Deng et al., 2014). Epigallocatechin-3-gallate is a type of catechin extracted from green tea, effectively inhibited the growth of tumor stem, progenitor cells in MDA-MB-231 and MDA-MB-436 cells and reduced the expression of ER-α36 in these cells (Pan et al., 2016). F-Box and WD repeat domain containing 7 (FBXW7) can inhibit tumor development by acting on the tumor microenvironment (Yumimoto et al., 2015). Honokiol downregulates miR-188-5p via FBXW7, c-Myc signaling, enhances the sensitivity of human breast cancer to doxorubicin. Honokiol exerts anti-proliferative activity during cell cycle arrest in G0/G1 phase and inhibits the proliferation of MDA-MB-231 cells by suppressing the c-Src, epidermal growth factor receptor (EGFR)-mediated signaling pathway. However, due to the limited oral bioavailability of honokiol, the use of vitamin E polyethylene glycol succinate in nanocapillary formulations enhances the anti-cancer effect of in situ TNBC (Park et al., 2009; Godugu et al., 2017; Yi et al., 2021). The NF-κB pathway, a key regulator of the immune response, is frequently dysregulated in cancer (Tegowski and Baldwin, 2018). Magnolol significantly inhibited the activity of highly invasive MDA-MB-231 cells and down-regulated the expression of matrix metallopeptidase 9 (MMP-9), as well as the transcriptional activity of NF-κB and the deoxyribonucleic acid (DNA) binding of NF-κB to the MMP-9 promoter (Liu et al., 2013).
The flavonoids found in TCM have a variety of biological properties, including anti-inflammatory and anti-angiogenic properties, play an immune role by influencing immune organs, cellular immunity, non-specific immunity, and immune-related signal transduction pathways. (Casagrande and Darbon, 2001; Bagli et al., 2004; Ullmannova and Popescu, 2007; Maleki et al., 2019). Puerarin inhibited the migration, invasion and adhesion of lipopolysaccharide-stimulated MDA-MB-231 cells by inhibiting the NF-κB pathway and extracellular regulated protein kinases (ERK) phosphorylation (Liu et al., 2017). However, due to poor water solubility and low bioavailability of puerarin, new puerarin nanoemulsions were developed to induce changes in the immune microenvironment of 4T1 cells, improving the therapeutic efficiency of α-PD-L1 in TNBC models and downregulating intra-tumor ROS (Xu et al., 2020). Licorice flavonoids promote ROS production, increase endogenous and exogenous apoptotic pathways, promote PARP-1 activation in MDA-MB-231 cells, and induce DNA damage. It regulates autophagy and blocks cell growth by inhibiting phosphorylation of AKT and MAPK signaling pathways, regulating the expression of E-cadherin and vimentin (Huang et al., 2019) (-)-Epigallocatechin 3-gallate is a natural polyphenol extracted from green tea, and a series of derivatives were synthesized to improve the pharmacological structure, and all of these compounds were found to exhibit moderate to high cytotoxicity against MDA-MB-231 cells (Crous-Masó et al., 2018).
TCM such as paeonol and curcumin also contain phenolic active ingredients and play an important role in the anti-tumor process (Cai et al., 2014; Hu et al., 2019), which still need to be further explored in the process of immunotherapy for TNBC.
Immune Effect of Saponins on TNBC
Saponins have pharmacological activities such as antioxidant, anti-inflammatory, and antitumor. The inhibitory effect of ginseng on breast cancer cell growth is mainly through transcriptional upregulation of the cell cycle protein-dependent kinase inhibitors p21 and p53 (Block and Mead, 2003; AL Shabanah et al., 2016). The combination of ginsenoside panaxatriol with paclitaxel inhibited the activation of interleukin-1 receptor-associated kinase 1(IRAK1), NF-κB and ERK1/2, leading to the inhibition of inflammatory factors, and cancer stem cell-related genes expression was downregulated and also inhibited the invasive ability of MB231-PR (paclitaxel-resistant) cells, reducing stem cell properties and resensitizing TNBC paclitaxel-resistant cells to paclitaxel by inhibiting the IRAK1/NF-κB and ERK pathways (Wang et al., 2020). In contrast, ginsenoside Rg1 induces apoptosis through ROS production and inhibits the development of triple negative breast cancer cells (Chu et al., 2020).
Ginsenoside Rh2 induces apoptosis, reverses abnormal differentiation of tumor cells, and resists tumor metastasis, and can be used in combination with chemotherapeutic drugs to increase the effectiveness and reduce the toxicity. Biochanin A combined with ginsenoside Rh2 has a synergistic effect on the proliferation of MDA-MB-231 and MCF-7 cells (Ren et al., 2018). Ginsenoside Rg3 in combination with paclitaxel treatment inhibited NF-kB activation, decreased NF-kB p65 and B-cell lymphoma-2 (Bcl-2) protein expression, and increased Bcl2-associated X and Caspase-3 protein expression, thus promoting the toxicity of paclitaxel on MDA-MB-231, MDA-MB453, and BT-549 cells (Yuan et al., 2017). After analysis using The Cancer Genome Atlas database identified a role for C-X-C motif chemokine ligand 12 (CXCL12), C-X-C motif chemokine receptor 4 (CXCR4) signaling pathway in oncogenic CD8+ T cells from human breast cancer, CXCR4 inhibition could enhance the efficacy of immunotherapy in the treatment of metastatic breast cancer (Chen et al., 2019). At doses without significant cytotoxicity, ginsenoside Rg3 treatment resulted in weaker CXCR4 staining in MDA-MB-231 cells, reduced the number of cells migrating during CXCL12-induced chemotaxis, and significantly reduced the number of CD44 high/CD24 low in MDA-MB-231 cells with therapeutic potential for targeting breast cancer stem cells, possibly through classical mitochondria-dependent caspase activation to induce apoptosis in MDA-MB-231 cells (Chen et al., 2011; Kim et al., 2013; Oh et al., 2019).
Murine double minute2 (MDM2) controls the stability of STAT5 in CD8+ T cells and targeting p53-MDM2 interactions is essential for effective antitumor immunity. Polyphyllin D can inhibit MDA-MB-231 cell proliferation by decreasing the expression levels of MDM2, murine double minute x, and mutant p53 and inducing cell cycle arrest by upregulating the expression of MDM2 downstream proteins p21 and p27 (Kong et al., 2016; Zhou et al., 2021). RELT-like protein 2 (Rell2) is a direct target of mircoRNA-18a, and polyphyllin VI increased Rell2 expression and impaired the viability of 4T1 and MDA-MB-231 cells (Wang et al., 2019). Timosaponin AIII, a steroidal saponin, triggers DNA damage in breast cancer, activates the ataxia telangiectasia mutated, cell cycle checkpoint kinase 2 and p38 MAPK pathways, which in turn induces G2/M phase block and MDA-MB-231 apoptosis, and downregulates cell division cycle B1, cell division cycle 2, and cell division cycle 25C. Inhibition of ERK activation through sustained hepatocyte growth factor-induced MDA-MB-231 cell invasion (Tsai et al., 2013; Zhang et al., 2021). Ophiopogonin D significantly inhibits TNBC cell growth and metastasis in vitro, mediated in part by inhibition of the integrin subunit beta 1, focal adhesion kinase, Src, AKT, β-catenin signaling pathway (Zhu et al., 2020).
Immune Effect of Polysaccharides TCM on TNBC
Polysaccharides isolated from TCM have immunomodulatory and antitumor effects and play an important role in immunosuppression (Chen et al., 2006; Liu et al., 2018). Based on the basis of network-based pharmacology it was determined that astragalus polysaccharide may interfere with the invasion and proliferation of MDA-MB-231 cells by inhibiting PI3KCG/AKT/Bcl2 pathway expression and can promote apoptosis. In vitro experiments it confirmed that astragalus polysaccharide inhibits TNBC symptoms in a dose-dependent manner (Liu et al., 2019b). Huaier polysaccharide inhibited the stem cell-like characteristics of MDA-MB-231, MDA-MB-453 and Hs578T cells in vitro and in vivo, partly through the estrogen receptor α-36 signaling pathway (Hu et al., 2019). Fucoidan inhibits MAPK and P13K activation, suppresses activating protein-1 and NF-κB signaling, downregulates pro-angiogenic factor expression in TNBC cells, exhibits anti-ataxia telangiectasia mutated, cell cycle checkpoint kinase 2 proliferative activity against MDA-MB-231 and HCC1806 cells, and effectively reduces migration and invasion (Hsu et al., 2013; Hsu et al., 2020). Cordyceps polysaccharides effectively inhibited MDA-MB-231 cell metastasis and restored drug sensitivity in topotecan-resistant cells by downregulating the transforming growth factor-β signaling pathway and EMT program (Lin et al., 2016).
Shiitake mushroom polysaccharide, Ganoderma lucidum polysaccharide, polysaccharides from the roots of platycodon grandiflorum, Safflower polysaccharide and Ginseng polysaccharide all have strong anti-tumor activity (Chihara et al., 1969; Ando et al., 2002; Gao et al., 2003; Yoon et al., 2003). However, studies in TNBC are still relatively few and the immune mechanism of action is unclear, which deserves further development.
Immune Effect of Other TCM Ingredients on TNBC
In addition to the aforementioned drugs, tubeimu also exhibited in vitro inhibition of TNBC cell migration and invasion without significant toxic side effects (Wang et al., 2018). Cantharidin reverses the metastasis of MDA-MB-231 cells by inhibiting pyruvate kinase isozyme type M2 nuclear translocation and disrupting the glucose transporter 1, pyruvate kinase isozyme type M2 glycolytic cycle, leading to the conversion of aerobic glycolysis to oxidation (Pan et al., 2019). More toxic drugs may limit their use in vivo and improve in vivo safety by developing a novel drug, α-amanitin-conjugated trastuzumab, which kills tumor cells while inducing immunogenic cell death, using the HER2 antibody trastuzumab coupled to α-amanitin, and cells containing 17p deletion, which are expressed at low levels of HER2 (Li et al., 2021). Bufalin increased the expression of necrosis mediators threonine kinase1 and threonine kinase3, induced MDA-MB-231 cell death and inhibited the growth of both human breast cancer MCF-7 and MDA-MB-231 cells through the reactive oxygen species-mediated RIP1/RIP3/PARP-1 pathway (Li et al., 2018b).
Arctigenin induces prolonged p21 expression and p38-mediated apoptosis-inducing factor-dependent cell death, which enhanced the toxicity of adriamycin in human breast cancer cells. (Lee et al., 2020). Three triterpenes were isolated from cactus, of which compound d2 was identified as betulinic acid, and treatment of MDA-MB-231 cells with betulinic acid-rich cactus resulted in activation of c-Jun N-terminal kinase as well as downregulation of ERK1 (Foo et al., 2016). Citrus hystrix DC extract and its compounds citronellol and citronellal induce apoptosis in MDA-MB-231 by inhibiting the anti-apoptotic protein Bcl-2, leading to activation of the pro-apoptotic Bcl2-associated X protein and inducing a downstream cystatin-dependent apoptotic pathway by activating cystatin-3 protein (Ho et al., 2020). Rhubarb acid derivatives are new anthraquinones that downregulate Rac1 expression and maybe small molecule inhibitors of Rac1 (Li et al., 2020). Gambogic acid significantly inhibits viability and increases apoptosis of paclitaxel-resistant MDA-MB-231 cells through activation of the sonic hedgehog signaling pathway (Wang et al., 2019). In a word, we have summarized some key ingredients from the above in table 1.
TABLE 1 | Role of TCM in TNBC.
[image: Table 1]CONCLUSION
TCM is widely used as an adjunct method in tumor treatment. Numerous studies have demonstrated that TCM exerts its immune effects through the following pathways, enhanced immune response, reduced immune tolerance, and suppressed tumor immunity. In addition to regulating tumor microenvironment-related factors, such as interleukins, interferons, tumor necrosis factors, chemokines, and growth factors, TCM treatments can also regulate immune cells by restoring the antigen expression function of dendritic cells, enhancement of natural killer cell activity, and inhibition of associated fibroblasts (Takei et al., 2004; Mu et al., 2016; Wang et al., 2020). The above study provides a new therapeutic option for TCM immunotherapy against TNBC.
This paper mainly reviews the immunomodulatory mechanism of different active ingredients of TCM on TNBC. But research on the effects of TCM on immune responses to TNBC is rather scarce. TCM immunomodulatory effects are less studied and there is little information on immune targets. The majority of the studies are focused on immune factor expression. In TCM treatments with demonstrated toxic side effects, exploring how these can be reduced while increasing immune activation against tumors, is worth further investigation. The mechanisms of TCM synergistic radiotherapy drugs on TNBC are still unclear, and the synergistic immune mechanism of multiple drugs still needs to be explored.
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Ulcerative colitis (UC) is a disease with complex pathological mechanisms. We explored the potential molecular mechanisms behind the therapeutic functions of Qingzi Zhitong decoction (QZZTD) in the treatment of UC by network pharmacology and molecular docking. QZZTD is a formula of Chinese traditional medicine consisting of 10 herbs. The potential active ingredients of QZZTD and their target genes were obtained from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform database, and UC-related target genes were obtained from GeneCards and OMIM databases. A total of 138 co-identified target genes were obtained by plotting the intersection target Venn diagram, and then the STRING database and Cytoscape software were used to establish protein–protein interaction networks and herb–ingredient–target networks. Four key active compounds and nine key proteins were identified. Then, Gene Ontology and Kyoto Encyclopedia of Genes and Genomes enrichment analyses showed that the biological functions of potential target genes were associated with DNA transcription, signaling receptor and ligand activity, cytokine activity, cellular autophagy, and antioxidant pathways, with related pathways involving the phosphatidylinositol 3-kinase (PI3K)–Akt signaling pathway, advanced glycosylation end product (AGE)–RAGE signaling pathway, tumor necrosis factor (TNF) signaling pathway, and IL-17 signaling pathway. Moreover, the binding activities of key target genes and essential active compounds of Chinese herbal medicines in QZZTD were further validated by molecular docking. This demonstrated that quercetin, luteolin, hyndarin, and beta-sitosterol had good binding to eight key proteins, and Akt1 was the target protein with the best binding activity, suggesting that Akt1 could be the essential mediator responsible for signaling transduction after QZZTD administration. The rat experiment verified that QZZTD inhibited PI3K-Akt pathway activation and reduced inflammation in UC. In conclusion, our study suggested four potential key active components, including quercetin, were identified in QZZTD, which could interact with Akt1 and modulate the activation of the PI3K-Akt pathway. The other three pathways may also be involved in the signaling transduction induced by QZZTD in the treatment of UC.
Keywords: network pharmacology, molecular docking, molecular mechanism, ulcerative colitis, Qingzi Zhitong Decoction
1 INTRODUCTION
Ulcerative colitis (UC) is a chronic idiopathic inflammation of the colonic mucosa that gradually affects the rectum and part or the entire colon (Ordas et al., 2012). Clinical presentations are usually accompanied by fecal urgency or blood in stool, since extensive colitis or pancolitis may cause diarrhea, frequent passage of blood and mucus, bowel movement urgency or tenesmus, abdominal pain, fever, malaise, and weight loss, but constipation may also occur paradoxically. The incidence of the disease is increasing worldwide. According to the ACG Clinical Guideline, there are approximately 1 million individuals affected by this condition each in the United States and Europe and many more globally, which also results in a heavy pecuniary burden for patients’ family and society (Rubin et al., 2019). The pathogenesis of UC is complex, involving genetics, mucosal immunity, epithelial barrier defects, and autoimmunity. Studies using genetic risk scores (GRS) to distinguish genetic contributions to inflammatory bowel disease phenotypes have shown that UC GRS (R2 = 7.1%, FDR = 0.02) is associated with colonic Crohn’s disease, which is largely driven by genetic variation in the major histocompatibility complex (Voskuil et al., 2020). An altered tight junction structure contributes to the impaired epithelial barrier function in UC (Schmitz et al., 1999). Both innate and adaptive immunity play a crucial role in the pathogenesis of UC, but we currently have a limited understanding of it.
Qingzi Zhitong Decoction (QZZTD) is a prescription for the treatment of UC in traditional Chinese medicine (TCM), which contains five herbs: Indigo naturalis (Qingdai in Chinese, QD), Lithospermum erythrorhizon (Zicao in Chinese, ZC), Bletilla striata (Thunb. Ex A.Murray)Rchb.F. (Baiji in Chinese, BJ), Corydalis Rhizoma (Yuanhu in Chinese, YH), and Polygoni cuspidati Rhizoma Et Radix (Huzhang in Chinese, HZ). Clinical studies have shown that in addition to improving colonic inflammation and reducing abdominal pain, QZZTD can improve mucosal erosion, bleeding, or ulcers that occur because of an ulcerated mucosa caused by intestinal aseptic vasculitis (Li et al., 2010a; Li et al., 2010b; Hou et al., 2012). Clinical trials have shown significant efficacy of Indigo naturalis in UC (Naganuma et al., 2020; Sun et al., 2021). A mouse experiment showed that the root of Lithospermum erythrorhizon has demonstrated its ability to attenuate UC (Andujar et al., 2013). Network pharmacology is a new method that can determine how TCM works through pharmacokinetic evaluation, allowing us to study its molecular mechanisms. Molecular docking is a theoretical simulation method to reveal the interaction between receptors and drug molecules and predict their affinity. In this study, we hope to investigate the possible molecular mechanism of QZZTD in the treatment of UC through network pharmacology and molecular docking, providing a new method for clinical treatment.
2 MATERIALS AND METHODS
2.1 Network Pharmacology Analysis
2.1.1 Collection of Main Components and Disease Targets of Qingzi Zhitong Decoction
All chemical ingredients and their related targets of each herb of QZZTD were collected from the Traditional Chinese Medicine Systems Pharmacology Database and Analysis Platform (TCMSP).1 Ingredients were screened conditional on oral availability (OB) ≥ 30% and drug-like (DL) ≥ 0.18. “Ulcerative colitis” was searched as the search term in the GeneCards database2 and the Online Mendelian Inheritance in Man (OMIM) database3 for disease-related target genes.
2.1.2 Obtain Intersection Target Genes and Draw a Venn Diagram
Validated human species–associated target genes were selected in the Uniprot database,4 and gene names were obtained with R language Perl scripts. The drug-related genes were intersected with disease-related genes with a Perl script, and an intersection Venn diagram was drawn. Finally, potential targets of QZZTD for UC treatment were obtained.
2.1.3 Construction of a Herb–Ingredient–Target Network for Qingzi Zhitong Decoction
Drug components were numbered and paired with their corresponding target genes. In the same way, the components and drugs were paired together to build a network.xlsx file. Each component, target gene, and drug were typed. As an example, “drug1” for Baiji, “drug2” for Huang, “gene” for the target genes, and so on were defined to create a type.xlsx file. The network of the HIT visualization of QZZTD was generated by importing the two files above into Cytoscape 3.6.1. The top four active ingredients were selected as key ingredients based on the degree. Degree indicated the number of edges between a single node and other nodes in a network.
2.1.4 Build Protein–Protein Interaction Network
The intersection target genes were imported into the STRING database,5 and a protein interaction relationship file was obtained and imported into Cytoscape to map the PPI network of drugs for the treatment of UC by network analysis. According to the degree, the barplot of the top 30 genes was plotted with R language Perl scripts.
2.1.5 Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis of Intersection Target Network
We installed the “colorspace,” “stringi,” “DOSE,” “clusterprofiler,” “pathview,” and “org.Hs.eg.db” packages in R software, set q value = 0.05, and ran the program to draw a bubble chart. GO and KEGG enrichment analyses of the target genes of QZZTD in the treatment of UC were performed to elucidate the possible molecular mechanism.
2.2 Molecular Docking of Key Ingredients to Key Targets
The top four key active compound mol2 format files were downloaded from the ZINC database,6 and small molecules were extracted using the Python. After removing the redundant water molecules from the protein crystal structure and adding hydrogen atoms, we batch processed them into pdbqt files with AutoDock Raccoon to complete ligand preparation. Receptor files were prepared by downloading pdb format files of nine key targets from the Protein Data Bank (PDB) database7 and converting them to pdbqt files using AutoDockTools. The docking pocket is a possible binding cite for ligand in the receptor. We set up a docking box large enough to cover the entire receiver so that it contains all possible docking pockets. The size of the docking box varies depending on different receptors. Bulk molecular docking was done with AutoDock Vina to predict the binding activity of the protein to the ingredient. The minimum affinity of the receptor and ligand was ranked first in the output of the Vina. The first output of Vina of each ligand was extracted and sorted by script batch. The best combination of protein and component is the receptor and ligand with the minimum affinity. It is generally believed that the smaller the affinity of the receptor to the ligand and the stronger its stability, the better will be the docking (Wen et al., 2021).
2.3 Experiment Verification
2.3.1 Drugs and Reagents
Composition of a dose of QZZTD: Indigo naturalis (3 g), Lithospermum erythrorhizon (10 g), Corydalis Rhizoma (10 g), Bletilla striata (Thunb. Ex A.Murray)Rchb.F. (10 g), and Polygoni cuspidati Rhizoma Et Radix (10 g). TCM decoction pieces of QZZTD come from the pharmacy of Guang’anmen Hospital, China Academy of Chinese Medical Sciences; 2,4,6-trinitrobenzene sulfonic acid (TNBS, Sigma, cat. SLCG2384), absolute ethyl alcohol (Sinopharm Group Chemical Reagent Co. Ltd., cat. 20140506), P-PI3Kp85 antibody (Abcam, cat. ab182651), P-AKt antibody (proteintech, cat. 66444-1-Ig), and β-actin antibody (TA-09, cat. ZS) were used.
2.3.2 Animals
Healthy male Sprague Dawley (SD) rats, weighing 180 ± 20 g, were provided by Beijing Huafukang Biotechnology Co., Ltd, and the certificate number is SCXK (Beijing) 2019-0008. The rats were housed in the animal room of Guang'anmen Hospital, China Academy of Chinese Medical Sciences. The animal experiments were approved by the Institutional Animal Care and Use Committee of Guang'anmen Hospital, China Academy of Chinese Medical Sciences (No. IACUC-GAMH-2020-011, approved at 2020-12-4).
2.3.3 Preparation of Qingzi Zhitong Decoction
The extract was prepared by boiling the herb samples in 10 times amount of water for 30 min. The procedure was repeated two times.
2.3.4 Groups and the Construction of the Ulcerative Colitis Model
SD rats were accepted to the laboratory for 3 days before the experiments. According to the random number table, the rats were divided into three groups of six rats each: control, model, and QZZTD. Except for the control group, the UC model was prepared with TNBS. TNBS and ethanol are mixed 1:1 in the enema solution. The model rats were given enema with 50 mg/kg every other day, 2 times in total, and the control group was given enema with the same dose of saline.
2.3.5 Drug Treatment
The QZZTD group was given 2 ml 8.6 g/kg QZZTD for 10 days. The other two groups were given the same dose of saline.
2.3.6 Colon Damage Assessment
Colonic adhesions, ulcers, inflammation, and congestion are observed and scored. The scoring parameters are listed as follows: 1) adhesions [0, no adhesions to surrounding tissue(s); 1, minor adhesions (colon can be separated from other tissues with little effort); 2, major adhesions]; 2) ulceration [(0, normal appearance; 1, focal hyperemia, no ulcers; 2, ulceration without hyperemia or bowel wall thickening; 3, ulceration with inflammation at one site; 4, ≥two sites of ulceration and inflammation; 5, major sites of damage extending >1 cm along the length of the colon; and 6–10, damage extended to >2 cm along the length of the colon, increase the score by one for each additional cm of damage)] (Butzner et al., 1996).
2.3.7 Histopathological Analysis
We collected colon tissues, fixed them in 4% paraformaldehyde overnight, dehydrated them in gradients of ethanol, and then embedded them in paraffin. Hematoxylin and eosin (HE) were used to stain the sections of tissue at 4 μm thickness.
2.3.8 Enzyme-Linked Immunosorbent Assay
In order to test the anti-inflammatory effects of QZZTD on UC, colon homogenate supernatants were collected, and the expression of TNF-α was measured by ELISA kits (Neobioscience, Shenzhen, China), according to the manufacturer’s instructions.
2.3.9 Western Blotting Analysis
The total protein of colon tissue was extracted using RIPA lysis buffer with the protease inhibitor or phosphatase inhibitors (Roche, China), and protein concentration was measured using the BCA protein assay kit (Cwbiotech), according to the manufacturer’s instructions. Equivalent amounts of protein (50 μg) were separated by SDS-PAGE and then transferred onto 0.45 μm PVDF membranes (Millipore, Billeria, MA, United States). After blocking with 5% non-fat milk in the TBST buffer for 1 h at room temperature, the membranes were incubated with primary antibodies at 4°C overnight. Then membranes were washed with TBST three times and incubated with secondary antibodies for 1 h at room temperature, and proteins were detected using the ECL reagent (Millipore, United States). The antibodies used were as follows: P-PI3K (1:1,000), p-AKt (1:1,000), and β-actin (1:1,000).
2.3.10 Statistical Analysis
The experimental data were analyzed using SPSS 22.0 statistical software (IBM Corp., Armonk, NY, United States). The figures were obtained by GraphPad Prism 7.0 software (GraphPad Software Inc., San Diego, CA, United States). All results were expressed as mean ± standard error of the mean (SEM). Multigroup comparisons were performed using one-way analysis of variance (ANOVA) and the post hoc statistical least significant difference (LSD) test. Tamhane’s T2 test is used when the variance is uneven. A p value < .05 was considered statistically significant.
3 RESULTS
3.1 Network Pharmacology Analysis
3.1.1 Predictive Results of Targets for Qingzi Zhitong Decoction in Ulcerative Colitis
A total of nine ingredients of QD, 12 ingredients of ZC, nine ingredients of BJ, 49 ingredients of YH, and 10 ingredients of HZ were collected from the TCMSP database according to OB ≥ 30% and DL ≥ 0.18. Among them, HZ and YH, HZ and QD, and YH and ZC each have one common ingredient, while three or more drugs have no common ingredient. In total, 204 drug ingredient–related targets (not repeated) were obtained from the Uniprot database, and 4,622 disease-related targets were obtained from the GeneCards and OMIM databases. The intersection of the drug target and the disease target yielded 138 potential targets, as shown in the Venn diagram (Figure 1).
[image: Figure 1]FIGURE 1 | Venn diagram showing that drugs have 138 common targets with diseases that can be used as potential therapeutic targets.
3.1.2 Result of Network Construction
The network diagram of herb, ingredients, and intersection targets constructed by Cytoscape 3.6.1 consists of 292 nodes and 1,363 edges (Figure 2). A total of four key active ingredients were selected by the HIT network, which were quercetin, luteolin, hyndarin, and beta-sitosterol (Table 1). We imported intersection target genes into the STRING database, setting “minimum interaction score = 0.9” and “hide disconnected nodes.” In the PPI network constructed with Cytoscape 3.6.1, there are 138 nodes and 488 edges. The larger and darker the nodes in the PPI network, there will be more interactions between the node protein and surrounding proteins (Figure 3A). We used the script to make the barplot of the top 30 measures (Figure 3B). Both the barplot and PPI network showed that the main proteins involved were Akt serine/threonine kinase 1 (Akt1), jun proto-oncogene (JUN), mitogen-activated protein kinase 1 (MAPK1), rela proto-oncogene (RELA), interleukin 6 (IL-6), c-x-c motif chemokine ligand 8 (CXCL8), mitogen-activated protein kinase 14 (MAPK14), rb transcriptional corepressor 1 (RB1), and vascular endothelial growth factor-A (VEGFA).
[image: Figure 2]FIGURE 2 | In the network, QD represents Indigo naturalis, ZC represents Lithospermum erythrorhizon, BJ represents Bletilla striata (Thunb. Ex A.Murray)Rchb.F., YH represents Corydalis Rhizoma, and HZ represents Polygoni cuspidati Rhizoma Et Radix. (A) Common component of HZ and YH. (B) Common component of HZ and QD. (C) Common component of YH and ZC. The node size and node label size are determined by the node degree value. The higher the degree value, the larger will be the node and label.
TABLE 1 | Key active ingredients.
[image: Table 1][image: Figure 3]FIGURE 3 | (A) PPI network of QZZTD against UC. The darker the nodes in the figure, the more intense will be the interaction between the target proteins. (B) It shows the top 30 possible targets of PPI, and we screened the top nine key proteins from the barplot.
3.1.3 Results of Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Enrichment Analysis
The GO enrichment analysis predicted 144 biological processes, with the top three mainly involving DNA-binding transcription factor binding, RNA polymerization, and receptor–ligand activity (Figure 4A). It means that the process of QZZTD in the treatment of UC is very complex, and the main biological functions may be gene transcription and protein translation as well as signal transduction. The KEGG enrichment produced 153 pathways. Most of the enriched top 20 pathways were not reported to be associated with UC, such as human cytomegalovirus infection, fluid shear stress, and atherosclerosis. Finally, four main pathways were involved in the treatment of UC by QZZTD: the phosphatidylinositol 3-kinase (PI3K)-Akt signaling pathway, the advanced glycosylation end product (AGE)-RAGE signaling pathway, tumor necrosis factor (TNF) signaling pathway, and IL-17 signaling pathway (Figure 4B).
[image: Figure 4]FIGURE 4 | (A) Top 20 biological processes for the GO analysis. The results show that it involves a variety of biological processes, such as DNA-binding transcription factor binding, RNA polymerization, and receptor–ligand activity. (B) Top 20 pathways for the KEGG analysis. PI3K-Akt, AGE-RAGE, TNF, and IL-17 signaling pathways were intervened in the treatment of UC.
3.2 Molecular Docking Analysis
To further validate the molecular mechanism of QZZTD intervention in UC, molecular docking was performed using key active compounds as ligands and key target proteins as receptors. Docking results showed that the key active ingredients of QZZTD had good binding activity against key targets, except RELA, and the Vina affinity was better than 5-aminosalicylic acid. 5-aminosalicylic acid is an active comparator for the treatment of UC (Cevallos et al., 2021; He et al., 2021) (Table 2)8.
TABLE 2 | Vina affinity of ingredient–target docking.
[image: Table 2]3.3 Experiment Verification
3.3.1 Scoring of Colonic Damage
As compared to the control group, the score of colonic damage in the model group increased significantly; however, as compared to the model group, the score of the QZZTD group decreased significantly. The results showed that TNBS aggravated the colon damage in rats, while QZZTD alleviated it (Figure 5A).
[image: Figure 5]FIGURE 5 | Intervention effect of QZZTD on scoring of colonic damage (A). Pro-inflammatory cytokine TNF-α (B). Relative expression levels of p-pi3kp85 (C) and p-Akt (D). Proteins and their bands (E). We utilized the Gel Image system ver.4.00 (Tanon, China) for band grayscale analysis. Lanes 1, 4, and 7 represent the control group, lanes 2, 5, and 8 represent the model group, and lanes 3, 6, and 9 represent the QZZTD group.
3.3.2 Effects of Qingzi Zhitong Decoction on Histopathological Changes in Colon Tissues
HE staining was applied to observe the pathological changes of colon tissues. Those in the control group had goblet cells and absorptive cells in the mucosa, but there were no obvious abnormalities in the submucosa and muscle layers (Figures 6A,B). In the model group, the mucosa was necrotic, with many inflammatory cells infiltrating the necrotic part, and macrophages and lymphocytes were seen in the submucosa, while there were no obvious abnormalities in the muscle layer (Figures 6C,D). The mucosal layer of the QZZTD group showed small amounts of inflammatory cells and red blood cells, and the number of goblet cells was lower than in the control group. Vascular hyperplasia, macrophages, and inflammatory cells were seen in the submucosa; the number of macrophages and inflammatory cells was reduced compared with the model group, and no significant abnormalities were seen in the muscle layer (Figures 6E,F).
[image: Figure 6]FIGURE 6 | Representative images of colonic tissues with HE staining (×200 magnification). (A) Colonic mucosal layer in the control group. (B) Submucosa and muscle layers in the control group. (C) Colonic mucosal layer in the model group. (D) Submucosa and muscle layers in the model group. (E) Colonic mucosal layer in the QZZTD group. (F) Submucosa and muscle layers in the QZZTD group.
3.3.3 Qingzi Zhitong Decoction Treatment Inhibited the Expression of TNF-α in Colon Tissues
TNF-α is an important pro-inflammatory factor in UC. We investigated whether QZZTD possesses the anti-inflammatory effect in UC. An ELISA essay was performed in colonic samples. TNBS significantly increased the expression of TNF-α in the model group, and QZZTD significantly reduced the expression of TNF-α compared to the model group (Figure 5B). The results show that QZZTD treatment inhibited the inflammatory response induced by TNBS in UC.
3.3.4 QZZTD Regulates PI3K/Akt Signaling Pathway to Ameliorate Ulcerative Colitis
We investigated whether QZZTD could exert therapeutic effects on UC by inhibiting inflammation via regulating the expression of p-PI3Kp85, p-AKt. The protein expression of p-PI3Kp85 and p-AKt in the model group was significantly higher than that in the control group. QZZTD significantly reduced the protein expression of p-PI3Kp85, p-AKt compared to the model group (Figures 5C–E). These data suggest that TNBS activates the PI3K/Akt signaling pathway, and QZZTD treatment can inhibit the expression of protein of the pathway and ameliorate UC.
4 DISCUSSION
4.1 Qingzi Zhitong Decoction Regulates the PI3K-Akt Pathway to Alleviate Ulcerative Colitis
We used network pharmacology and molecular docking to predict the molecular mechanism of QZZTD for the treatment of UC. Similarly, some studies have used network pharmacology combined with molecular docking to predict the efficacy and mechanism of drug action in UC, suggesting that potential mechanisms of drug action on the disease can be explored in this way. In a study composed of Huai Hua San formula, the investigators used this approach and validated it in vitro, discovering the binding properties of three key compounds (quercetin, luteolin, and nobiletin) to three key proteins (JUN, tumor protein P53, and estrogen receptor 1) and revealing the mechanism of quercetin affecting the protein expression of c-jun and the PI3K/Akt pathway to improve UC (Liu J. et al., 2021). Another study also used this approach and combined it with animal studies to screen for key components (puerarin, baicalein, berberine, and glabridin) and key pathways (hypoxia inducible factor 1, PI3K-AKT, and TNF). It revealed that Gegen Qinlian Decoction ameliorates inflammation via downregulating the epidermal growth factor receptor (EGFR)/PI3K/AKT signaling pathway and pro-inflammatory cytokines (Liu X. et al., 2021). Studies using network pharmacology combined with in vivo and ex vivo experiments and RNA-sequencing methods have similarly confirmed that genes downregulated by drugs were enriched in inflammation-related pathways (Yu et al., 2021). Additionally, there are research studies that use the same approach to study drugs for different diseases, such as resveratrol, which can alleviate COVID-19–related inflammation (Xiao et al., 2021). In the study of patchouli alcohol for gastric cancer, network pharmacology and in vitro experiments revealed that the drug acts mainly via PI3K/AKT and MAPK signaling pathways (Song et al., 2021). However, some studies were conducted only on single drugs, such as those on Curcuma, Puerariae Radix, Isopsoralen, and Paeoniflorin (Chen et al., 2021; Han et al., 2021; Liu S. et al., 2021; Wang et al., 2021). Synthetic drugs including mesalazine and azathioprine, and TNF-α blocker such as infliximab have therapeutic effects on UC, but they also have side effects of inducing pancreatitis, cardiomyopathy, systemic reactions, and sweet syndrome (El-Azhary et al., 2008; Mourad et al., 2015; Correia et al., 2021). In contrast, no significant adverse effects were found in the clinical use of the herbal compounds (Hou et al., 2012). These studies support the feasibility of our study protocol. Compared to single drug studies, compounding studies may reveal synergistic mechanisms of drug interactions and better safety of TCM preparations compared to chemically synthesized drugs.
The PI3K-AKt pathway plays a critical role in the regulation of the inflammatory response during UC progression. The abnormal activation of the PI3K/AKt signaling pathway in UC can have a significant effect on the expression and secretion of pro-inflammatory cytokines. These cytokines are responsible for the development of UC (Dai et al., 2013; Liu X. et al., 2021). We hypothesized that QZZTD may reduce the expression of inflammatory factors by regulating the PI3K-AKt pathway. Our experiments verified that QZZTD intervention reduced colon damage scores and pathological changes. Furthermore, QZZTD inhibited PI3K-AKt pathway activation, reduced inflammation, and alleviated UC. The aforementioned study also yielded the same results, revealing that TCM treatment of UC may mainly produce efficacy by regulating the PI3K-Akt signaling pathway (Liu J. et al., 2021; Liu X. et al., 2021; Song et al., 2021; Yu et al., 2021).
Our KEGG analysis included the AGE–RAGE signaling pathway in addition to the pathway of PI3K-Akt, TNF, and IL-17 mentioned in the aforementioned study. Previous studies have found that the activation of the AGE/RAGE signaling pathway can activate the PI3K-Akt signaling pathway and the mitogen-activated protein kinase (MAPK) signaling pathway to activate inflammation, thus the regulation of this pathway may be beneficial for the treatment of UC and merits further exploration (Grille et al., 2003; Perkins, 2007).
4.2 Interaction Between Inflammatory Cells and Inflammatory Factors in Ulcerative Colitis
In general, UC is considered a spontaneous immune disorder. Moreover, it is affected by intestinal microorganisms, which cause inflammation, and by epithelial barrier dysfunction. In the human gut, food introduces antigens, which in turn trigger inflammatory and immune responses. The intestine reduces injury by enhancing mucus secretion by intestinal goblet cells, increasing secretory immunoglobulin-associated alpha (IgA) by B cells, reducing the maturation of dendritic cells (DCs), increasing the number of Foxp3+ regulatory T cells (Tregs), and enhancing the colonic function. The inflammatory response is mainly caused by the interaction between T cells and inflammatory factors. T cells are divided into multiple subtypes, of which CD4+T cells can differentiate into T helper 17 (TH17), TH9, TH22, and Treg cells producing the hallmark cytokine transforming growth factor-β (TGF-β). Similarly, CD8+ T cells can differentiate into interferon (IFN)-γ–producing Tc1, Tc2, and Tc17 and regulatory CD8+ T cells (Shen and Shi, 2019). Another recognized classification divides T cells into TH1 and TH2. TH1 promotes inflammation, and its specific production of IL-12 activates DCs, which in turn stimulate Th1 differentiation to produce TNF-α and IFN-γ for activating macrophages, natural killer (NK) cells, and CD8+ T cells. TH2 secretes IL-13, which is involved in the destruction of the intestinal mucosal barrier with TGF-β1 (Heller et al., 2005). In addition, Th9 cells can interfere with the barrier function of intestinal epithelium by affecting cell proliferation and tight junction molecules (Weigmann and Neurath, 2017). There are two aspects of immune regulation in UC: pro-inflammatory regulation and anti-inflammatory regulation. And we briefly summarized the interaction between T cells and inflammatory factors in UC and the potential intervention approaches of QZZTD (Figure 7).
[image: Figure 7]FIGURE 7 | Pathological mechanism of UC and potential mechanism of QZZTD treating UC. In the figures, “→” represents the promoting effect and “┤” represents the inhibiting effect. (A) Combination of antigens, intestinal bacteria, intestinal mucosal goblet cells, T cells, and inflammatory factors contribute to UC. (B) T cells and inflammatory factors promote or inhibit each other to affect the formation of UC, which QZZTD can potentially regulate through PI3K-Akt, AGE-RAGE, TNF, and IL-17 signaling pathways.
4.2.1 Pro-Inflammatory Regulation: Pro-Inflammatory T Cells and Related Cytokines
TNF-α and TH17 are the most important factors in the pathogenesis of UC. Studies have shown that TNF-α synergizes with IL-13 to perturb the epithelial barrier function by regulating the expression of genes involved in tight junction formation, which is a trigger for intestinal epithelial cell death (Heller et al., 2005; Meylan et al., 2011; Nielsen, 2014; Jung et al., 2019). However, etanercept (an antagonist of TNF-α) markedly reduced the levels of colonic inflammation (Popivanova et al., 2008). The Th17-derived Th1 cells responsible for several autoimmune diseases, including UC, are thought to provide the major pathogenic effector population for the diseases (Rampal et al., 2021; Bhaumik and Basu, 2017). The IL-6 can cause activation of signal transducer and activator of transcription (STAT)3, which induces IL-17 (including IL-17A and IL-17F) via activation of retinoic acid–related orphan receptor gamma t (RORγt) (Bhaumik and Basu, 2017). And IL-17A is involved in local chronic inflammation inducing pro-inflammatory cytokine expression, leading to mucosal destruction and altering mucosal healing (Catana et al., 2015).
There are multiple pathways for T-cell activation in intestinal inflammation. The absence of c-Jun N-terminal kinase (JNK)2 results in IL-2 production and CD8+ T-cell proliferation, whereas JNK1-deficient CD8+ T cells are unable to undergo antigen-stimulated expansion in vitro, even in the presence of exogenous IL-2 (Conze et al., 2002). JNK2 is required for IFN-γ production by peripheral CD4+T cells and subsequent Th1 differentiation in vitro, whereas JNK1 appears to be a negative regulator of Th2 differentiation in vitro (Dong et al., 1998; Yang et al., 1998). Mitogen-activated protein kinase 2 (MAP3K2) can modulate intestinal CD4+T-cell–mediated cellular immunity via the IL-18–MAP3K2–JNK axis, which causes intestinal inflammation (Wu et al., 2021). Qiao’s study has reported that there is a positive feedback loop between pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) and the PI3K/mechanistic target of rapamycin (mTOR)/Akt/nuclear factor NF-kappa B (NF-κB) signaling (Qiao et al., 2020). On the other hand, activation of mTOR signaling can cause colitis, and overproduction of IL-6 can inhibit Treg proliferation (Fujimoto et al., 2011; Sun et al., 2012). Alternatively, it has been shown that RAGE stimulation upregulates two key transcription factors implicated in inflammatory responses, NF-κB and early growth response-1 (Egr-1) that contributes to tumor necrosis factor-α expression (Schmidt et al., 1995; McMullen et al., 2005; Chang et al., 2008). The aforementioned inflammatory responses mediated by inflammatory factors and T cells are one of the mechanisms in UC.
4.2.2 Immune Suppression: Tregs and Related Cytokines
Treg cells are considered an attractive target for the treatment of immunological and inflammatory pathologies, which can actively suppress the immune function (Vinolo et al., 2011). There are several molecules known to regulate Treg-dependent intestinal homeostasis, but IL-10 is the most important and common among them (Kuhn et al., 1993; Sellon et al., 1998; Rubtsov et al., 2008; Josefowicz et al., 2012). A study has shown that specific ablation of Treg is sufficient to induce spontaneous colitis (Rubtsov et al., 2008). Tregs can secret anti-inflammatory cytokines and regulate the recruitment/activation of other immune cells to dampen inflammation (Li et al., 2018). For instance, Tregs suppress neutrophil recruitment directly via IL-10 and induce neutrophil apoptosis indirectly via TGF-β. In studying the effect of c-Maf on Treg cells, it was found that the expression of IL-10 in Treg cells is c-Maf–dependent, which subsequently promotes the secretion of intestinal sIgA, protects the intestinal mucosa, and ameliorates UC (Neumann et al., 2019). Timosaponin AIII and its metabolite sarsapogenin have been found to inhibit intestinal inflammation by potently inhibiting NF-κB and MAPK activation, as well as interleukin-1 receptor–associated kinases (IRAK1), transforming growth factor beta–activated kinase 1 (TAK1) and NF-κB inhibitor alpha phosphorylation in lipopolysaccharide(LPS)-stimulated macrophages, and by reducing NF-κB activation and the levels of interleukin IL-1β, TNF-α, and IL-6, while simultaneously increasing the production of IL-10 (Lim et al., 2015). The mice that specifically knock out RELA in Tregs will eventually suffer from severe autoimmune syndrome, including UC. In addition, Tregs can also promote the polarization of macrophages from an inflammatory phenotype to an anti-inflammatory phenotype (Lui et al., 2020). Restoring the balance between Th17 and Tregs can reduce colitis (Liu et al., 2020).
IL-2 is expressed during T-cell activation and induces the proliferation and differentiation of T cells, which plays a key role in the development of T cells. IL-2 promoted Treg cell development via AP-1 transcription factor JunB, and injection of IL-2–anti-IL-2 antibody complex in JunBfl/fl Cd4-Cre mice expanded Treg cells and alleviated DSS-induced colitis (Katagiri et al., 2019). T cells stimulated by IL-2 showed increased expression of phosphorylated signal transducer and activator of transcription 5 (pSTAT5) and promoted Treg cells proliferation, and IL-2 treatment caused massive eosinophil accumulation and activation in the inflamed colon, which alleviated UC (Abo et al., 2019; Wang et al., 2019).
The studies mentioned before indicate that the pathogenesis of UC is caused by both pro-inflammatory and anti-inflammatory effects, which is a pathological process with multiple pathways and multiple targets. The pathways and targets predicted by network pharmacology are consistent with the pathogenesis of UC described before.
4.3 Mechanism of the Components of Qingzi Zhitong Decoction in the Treatment of Ulcerative Colitis
UC is associated with damp-heat, blood stasis, and intestinal vascular ischemia in the TCM theory. The harmonization of drug components in QZZTD can jointly play a role in removing damp-heat and blood stasis, thereby reducing intestinal inflammation. The key ingredients of QZZTD have relevant reports for the treatment of UC: among the key ingredients obtained from the HIT network, quercetin, a natural flavonoid, regulates a variety of inflammatory factors. By treating LPS-induced ulcerative colitis mice with quercetin, intestinal inflammation is inhibited (Dicarlo et al., 2019). The intestinal inflammatory factor TNF-α and the anti-inflammatory factor lipocalin-2 (LCN-2) were upregulated after LPS stimulation, whereas quercetin inhibited their expression. Quercetin also inhibits the production of IL-6 and IL-1β in lipopolysaccharide-activated human mononuclear cells and promotes the secretion of IL-10 (Okoko and Oruambo, 2009; Seo et al., 2015). As previously discussed, TH17 is elevated in mice with UC, and quercetin can be used to restore the balance between Th17 and Treg. During inflammation, myeloperoxidase (MPO) is secreted as a result of oxidative burst, which can be reduced through quercetin treatment (Riemschneider et al., 2021). Quercetin is one of the extracts of bryophyllum pinnatum (lamarck) leaf that promotes the downregulation of toll-like receptor and Kappa B p65 nuclear factor gene expression, as well as reducing pro-inflammatory factors and oxidative mediators, and improved inflammation (Andrade et al., 2020).
Luteolin protected the intestinal epithelial barrier function by increasing the resistance values and tight junction (TJ) protein expression (Li et al., 2021). By activating extracellular signal-regulated kinase (ERK) signaling, luteolin may moderate colon tissue damage and reduce inflammation, apoptosis, and autophagy (Vukelic et al., 2020). Luteolin treatment can decrease the activation of NF-κB and production of IL-17 and IL-23, leading to reduced colonic damage in UC rats (Donder et al., 2018). Hyndarin is a compound extracted from corydalis with analgesic and antispasmodic properties, which has the highest concentration in the small intestine 1 hour after administration and effectively relieves spastic pain in UC (Xiao, 2016; Qiu et al., 2019).
β-sitosterol is one of the components of many medicinal plants, such as Moringa oleifera, which inhibits the production of several inflammatory mediators: TNF-α, IL-1β, IL-6, and IL-8, and reactive oxygen species (ROS), separately (Liao et al., 2018). β-sitosterol in red ginseng attenuates inflammation by modulating the MAPK/NF-κB pathway (Lee et al., 2018). Canna x generalis rhizome ethanol extract (CGE) contains quercetin and β-sitosterol. CGE reduces colon inflammation by inhibiting malonaldehyde (MDA), pro-inflammatory mediators (nitric oxide and MPO), and downregulating NF-ҡB expression. Additionally, CGE restored the expression of tight junction proteins (occludin and claudin-1) and mucosal barrier function (Mahmoud et al., 2021).
In addition to these key ingredients, the drugs in QZZTD exert their effects by inhibiting the activation of MAPK, NF-κB, and Jak3/STAT3 pathways and the production of ROS and NADPH oxidase 4 (NOX4), reducing nucleotide-binding oligomerization domain leucine-rich repeat and pyrin domain containing 3 (NLRP3), and downregulating pro-inflammatory factors such as IL-1α, IL-1β, IL-6, IL-8, IL-17, TNF-α, and IL-18, while increasing IL-10 (Yue et al., 2016; Sun et al., 2021). Overall, the predicted ingredients of QZZTD have the potential to reduce intestinal inflammation and modulate mucosal dysfunction resulted from intestinal dysbacteriosis, thereby could be applied to the treatment of UC.
5 CONCLUSION
In summary, we used network pharmacology and molecular docking methods to predict that QZZTD can ameliorate UC. Based on the results in docking studies, the main ingredients, such as quercetin, luteolin, hyndarin, and beta-sitosterol, are expected to bind with and regulate the function of AKT1, MAPK1, IL-6, and VEGFA, which could be important for the treatment of UC. And our experiment verified that QZZTD inhibited PI3K-AKt pathway activation, reduced inflammation, and alleviated UC. This study may provide new insights for dissecting complex mechanisms underlying the functions of TCM formulations or herbal medicines and may identify new pathways important for pathogenesis and treatments of UC.
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Background: Acute lung injury (ALI) is a serious inflammatory disease with clinical manifestations of hypoxemia and respiratory failure. Presently, there is no effective treatment of ALI. Although emodin from Rheum palmatum L. exerts anti-ALI properties, the underlying mechanisms have not been fully explored.
Purpose: This study aimed to investigate the therapeutic effect and mechanism of emodin on LPS-induced ALI in mice.
Methods: RAW264.7 cells and zebrafish larvae were stimulated by LPS to establish inflammatory models. The anti-inflammatory effect of emodin was assessed by ELISA, flow cytometric analysis, and survival analysis. In vitro mechanisms were explored by using Western blotting, luciferase assay, electrophoretic mobility shift assay (EMSA), and small interfering RNA (siRNA) approach. The acute lung injury model in mice was established by the intratracheal administration of LPS, and the underlying mechanisms were assessed by detecting changes in histopathological and inflammatory markers and Western blotting in lung tissues.
Results: Emodin inhibited the inflammatory factor production and oxidative stress in RAW264.7 cells, and prolonged the survival of zebrafish larvae after LPS stimulation. Emodin suppressed the expression levels of phosphorylated JNK at Thr183/tyr182 and phosphorylated Nur77 at Ser351 and c-Jun, and increased the expression level of Nur77 in LPS-stimulated RAW264.7 cells, while these regulatory effects of emodin on Nur77/c-Jun were counteracted by JNK activators. The overexpression of JNK dampened the emodin-mediated increase in Nur77 luciferase activity and Nur77 expression. Moreover, the inhibitory effect of emodin on c-Jun can be attenuated by Nur77 siRNA. Furthermore, emodin alleviated LPS-induced ALI in mice through the regulation of the JNK/Nur77/c-Jun pathway.
Conclusions: Emodin protects against LPS-induced ALI through regulation on JNK/Nur77/c-Jun signaling. Our results indicate the potential of emodin in the treatment of ALI.
Keywords: acute lung injury, inflammation, lipopolysaccharide, emodin, JNK/Nur77/c-Jun
INTRODUCTION
ALI is a deadly inflammatory disease that is mainly characterized by excessive neutrophil infiltration and pro-inflammatory cytokines release, which further causes endothelial and epithelial barrier disruption (Rubenfeld et al., 2005; Fanelli and Ranieri, 2015). The existing therapeutic strategies for ALI are respiratory support and anti-inflammatory therapies, including the inhibition of the release of inflammatory cytokines and the protection of the endothelial and epithelial barrier from excessive inflammation-induced damage (Johnson and Matthay, 2010). Despite the improvement in the diagnosis and treatment of ALI in the past few years, the mortality of ALI remains high (Lalu et al., 2014). Thus, it is urgent to explore novel therapy strategies for ALI.
Multiple signaling pathways are involved in inflammatory responses, including MAPK, STAT3, and Nur77/c-Jun. The MAPK pathway consists of a well-studied family of serine/threonine protein kinases that transmit extracellular stimuli into intracellular ROS by phosphorylation (Ha et al., 2018). There are three subfamilies of MAPKs in mammals: ERK, p38, and JNK. Among them, JNK is closely involved in inflammatory responses (Mehan et al., 2011). It is reported that JNK inhibition protected against the ALI animal models by ameliorating lung histopathologic changes and lung edema, reducing inflammatory cell infiltration, and inhibiting the secretion of pro-inflammatory cytokines TNF-α and interleukin (IL-6) (Shen et al., 2017; Jin and Jin, 2018).
Previous studies showed that LPS-induced JNK activation can regulate Nur77 and then promote inflammation (Hongling Zhou et al., 2019). Nur77 (NR4A1), also known as the nerve growth factor-induced gene B or TR3, is a member of the NR4A subfamily that belongs to orphan nuclear receptors (To et al., 2012). Nur77 is involved in a variety of cellular processes, including proliferation, differentiation, apoptosis, metabolism, and inflammation (Pearen and Muscat, 2010). Nur77 can be induced as an early response gene by inflammatory stimuli, including LPS, cytokines, or oxidized lipids in macrophages (Pei et al., 2005; Maxwell and Muscat, 2006). The deficiency of Nur77 induces macrophage differentiation toward the M1 pro-inflammatory phenotype (Hanna et al., 2012). In an in vivo study, the activation of Nur77 alleviated LPS-induced ALI due to the inhibition of endothelin-1 (Jiang et al., 2016). However, the role of Nur77 in ALI is unclear.
Traditional Chinese medicine Rheum palmatum L. (Rhubarb) has been widely used for treating inflammatory diseases for thousands of years in China. Previous research reported that Rheum palmatum L. combined with routine comprehensive treatment remarkedly decreased the mortality of patients with acute respiratory distress syndrome by reducing the mechanical ventilation time, ameliorating the arterial blood gas and the cytokine levels (Yang et al., 2017). Emodin, a main effective ingredient of Rhizoma palmatum L., has been reported to protect against ALI animal models, which is associated with the downregulation of the pre-B-cell colony-enhancing factor, upregulation of aquaporin 1 and aquaporin 2, and inhibition of NF-κB (Xiao et al., 2014; Xu et al., 2016; Cui et al., 2017).
In this study, we first demonstrate that emodin possesses anti-inflammatory activities in vivo and in vitro by inhibiting the JNK pathway, and subsequently regulating Nur77/c-Jun signaling. These findings indicate that emodin has the potential to be developed as a novel drug to treat ALI and provide strong evidence for the crucial role of the JNK/Nur77/c-Jun pathway in inflammation.
MATERIALS AND METHODS
Materials
Emodin was purchased from Aladdin (Shanghai, China). Dexamethasone was obtained from Tianxin Pharmaceutical (Guangzhou, China). The RPMI-1640 medium, Dulbecco- modified Eagle medium, fetal bovine serum, penicillin–streptomycin, BCA Protein Assay Kit, MTT, LightShift™ Chemiluminescent EMSA Kit, enhanced chemiluminescence (ECL) kit, and the Opti-MEN medium were obtained from Thermo Fisher Scientific (Waltham, USA). SP600125 and anisomycin were purchased from Selleckchem (Houston, USA). The Lipofectamine® 2000 transfection reagent was purchased from Invitrogen (Grand Island, USA). Antibodies against p38, phosphor p38 (Thr180/Tyr182), JNK, p-JNK (Thr183/Tyr185), ERK, phosphor ERK (Thr202/Tyr204), phosphor Nur77 (Ser351), c-Jun, and phosphor c-Jun (Ser73) were purchased from Cell Signaling Technology (Danvers, USA). The antibody against Nur77 was purchased from Abcam (Cambridge, UK). Anti-β-actin was obtained from Boster (Wuhan, China). LPS and other reagents were obtained from Sigma-Aldrich (St. Louis, USA). JNK1 plasmid, mouse Mapk8 (NCBI Reference Sequence: NM_001310453.1) with a vector of pcDNA3.1 (+), was purchased from GenePharma (Shanghai, China).
Cell Culture
The murine macrophage cell line RAW264.7 and human renal epithelial cell line HEK293T were obtained from American Type Culture Collection (ATCC, Rockville, USA), and were maintained at a humidified incubator containing 5% CO2 (v/v) at 37°C in RPMI-1640 or DMEM (Thermo Fisher Scientific, Massachusetts, USA), respectively, supplemented with 10% (v/v) fetal bovine serum (Thermo Fisher Scientific, Massachusetts, USA) and 1.0% (v/v) penicillin–streptomycin (Thermo Fisher Scientific, Massachusetts, USA).
Cell Viability Assay
The MTT assay was used to measure the cell viability as previously described (Liu et al., 2016). Briefly, RAW264.7 cells were seeded in 96-well culture plates at a density of 6×103 cells per well for 24 h and then treated with emodin (0, 10, 20, 30, 40, or 50 μM) for 24 h. Then, 30 μL of 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazoliumbromide (MTT) solution (5 mg/ml in PBS) was added to each well, and cells were incubated for another 4 h. Next, the supernatant was discarded, and 100 μL of DMSO was added to dissolve the formazan crystal. The OD values were measured by using an absorbance microplate reader (Thermo Fisher Scientific, Massachusetts, USA) at a wavelength of 570 nm.
Enzyme-Linked Immunosorbent Assay
RAW264.7 cells were seeded in 24-well plates at a density of 1 × 105 per well and cultured overnight. Then the cells were pretreated with indicated concentrations of emodin (0, 30, 35, or 40 μM) for 2 h before being stimulated with or without LPS (100 ng/ml) for another 18 h. The concentrations of TNF-α, IL-6 (Dakewei, Shang hai, China), MCP-1, and MIP-2 in the supernatant were detected by using ELISA kits. The absorbance was measured at 450 nm by using an absorbance microplate reader (Thermo Fisher Scientific, Wastham, USA).
Flow Cytometric Analysis
RAW264.7 cells were seeded in 24-well plates at a density of 1 × 105 per well and cultured overnight. Then the cells were pretreated with indicated concentrations of emodin (0, 30, 35, or 40 μM) for 2 h before being stimulated with or without LPS (100 ng/ml) for another 18 h. DCFH-DA does not fluoresce itself but can pass through the cell membrane freely. After entering the cell, DCFH can be hydrolyzed by the esterase in the cell to generate DCFH. Intracellular reactive oxygen species can oxidize non-fluorescent DCFH to produce fluorescent DCF. The treated RAW264.7 cells were raised with 3.3 μM DCFH–DA (S0033, Beyotime) in a serum-free medium for 20 min at 37°C and washed three times with PBS. The level of ROS was estimated as the percent of DCF fluorescence according to the negative control, which was determined by flow cytometry (CytoFLEX, Beckman Coulter, USA). To evaluate the level of intracellular ROS, each group was compared with the negative group. According to the size of FSC, the larger cells of FSC were set as the P1 region to remove cell fragments. In the figure of fluorescence and FITC, the boundary between positive and negative was delineated according to the fluorescence intensity of the negative group. The positive area was denoted as P2, and the ratio of P2 to P1 was the ROS level of each group.
Zebrafish Maintenance
The zebrafish line Tg (mpo:GFP) was provided by the Key Laboratory of Zebrafish Modeling and Drug Screening for Human Diseases Institute at Southern Medical University (Guangzhou, China). Adult zebrafish were maintained in a recirculating tank rack system with a 14 h light/10 h dark cycle at 28°C in a certificated zebrafish facility (PENTAIR, USA) (Junyi Zhou et al., 2019). The larvae were maintained with a 14 h light/10 h dark cycle at 28.5°C in an incubator (Zhicheng, Shanghai, China).
LPS-Induced Acute Inflammation in Zebrafish Larvae
At 3 days post-fertilization (dpf), the zebrafish larvae were collected and anesthetized with 0.02% tricaine, and subsequently microinjected with 2 nL of LPS (0.5 mg/ml) into the yolk to induce an acute inflammatory response (Yang et al., 2014). 1 h post-injection (hpi), the larvae were moved to a 6-well plate with emodin (0.05 μM) or dexamethasone (DEX, 5 μg/ml) in egg water. The larvae that were yolk-microinjected with PBS were used as the negative control. Next, the mortality of the zebrafish was recorded within 72 hpi.
Western Blotting
After treatment, the cells were harvested and lysed with a lysis buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM PMSF, 1 mM Na3VO4, 1 mM dithiothreitol, and 1 mM phosphatase inhibitor) for 15 min at 4°C, and then the lysates were centrifuged at 15,000 ×g for 20 min at 4°C, and the supernatant was collected as total cell lysates. For nuclear protein extraction, the cells were lysed with the nucleoprotein extraction kit (Sangon, shanghai, China) as described previously (Liu et al., 2016). Protein concentrations were measured by the BCA Assay Kit (Thermo Fisher Scientific, Massachusetts, USA). Proteins were separated by 10% SDS polyacrylamide gel electrophoresis (PAGE) and transferred onto PVDF membranes (Bio-Rad, Hercules, USA). After non-specific blocking with 5% skin milk (BD, New Jersey, USA) dissolved in Tris-buffered saline containing 0.05% (v/v) Tween-20 (TBS-T) for 1 h at room temperature (RT), the membranes were incubated with primary antibodies diluted in TBS-T containing 5% (v/v) BSA at 4°C overnight. Subsequently, membranes were washed with TBS-T three times and incubated with appropriate secondary antibodies (1:1000) for 1 h at RT (Lu et al., 2018). Immunoreactive bands were detected by an ECL kit by FluorChemE (ProteinSimple, San Francisco, USA).
Small Interfering RNA Transient Transfection
RAW264.7 cells were cultured in 6-well plates at a density of 4 × 105 cells per well for 24 h and then transfected with a siRNA duplexe murine Nur77 (120 nM) or negative siRNA (120 nM) by Lipofectamine® 2000, according to the manufacturer’s instruction. After that, the cells were treated with 40 μM emodin for 2 h before being stimulated with LPS (100 ng/ml) for another 18 h. The transfection efficiency was detected by fluorescein-labeled non-targeted siRNA.
Electrophoretic Mobility Shift Assay
The DNA-binding activity of c-Jun was assayed by EMSA according to the manufacturer’s introduction. The c-Jun sequence of biotin-labeled and unlabeled double-stranded oligonucleotide probe was 5′-GG GCT TGA TGA GTC AGC CGG ACC-3'. Nuclear proteins (20 μg) were incubated with 6 μL of DNA-binding reaction buffer (ThermoFisher Scientific, Massachusetts, USA) in the presence of a c-Jun biotin-labeled probe and (or) unlabeled double probe (Genepharma, shanghai, China) for 20 min at RT. Then, the mixture was separated by 6.5% on-denaturing PAGE and then transferred onto a nylon membrane (Merck, Darmstadt, Germany). Subsequently, the membrane was exposed to a UVP Crosslinker (Analytic Jena, Jena, Germany) at 12,000 J cm−2 twice for DNA-protein crosslinking. The membrane was incubated with a blocking buffer for 15 min before being incubated with a blocking buffer containing horseradish peroxidase-conjugated streptavidin (1:300) for another 15 min. Having been washed with 1×washing buffer for 5 min, the DNA–protein complex on the membrane was visualized by using an ECL kit by FluorChemE (ProteinSimple, San Francisco, USA).
Plasmid Transfection and Luciferase Assay
HEK293.7T cells were co-transfected with Nur77 luciferase reporter plasmid (Gene Pharma, Shanghai, China) and Renilla luciferase reporter plasmid (GenePharma, Shanghai, China), in the presence or absence of JNK expression plasmid for 16 h using a Lipofectamine® 2000 reagent (Invitrogen, Carlsbad, USA). 16 h after transfection, cells were treated with emodin (40 μM) for another 8 h. After being lysed with 100 μL of 1 × passive lysis buffer (Promega, Madison, USA) for 15 min, cells lysates (20 μL) were subjected to a luciferase assay by using a dual-luciferase reporter assay system (Promega, Madison, USA) according to the manufacturer’s instruction. The luciferase activity was normalized for transfection efficiency by the corresponding Renilla luciferase activity.
Mouse
5- to 6-week-old male BALB/c mice (18–22 g) were obtained from the Experimental Animals Center of Southern Medical University (Guangzhou, China). The mice were housed in climate-controlled quarters (22–26°C at 40–70% humidity) and a 12 h light/12 h dark cycle with free food and water. All animal care and experimental protocols were approved by the Ethical Committee of Southern Medical University (No. L2018246). All studies involving animals were in compliance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Establishment of Acute Lung Injury Models in BALB/c Mice
48 male BALB/c mice (18–22 g) were randomly allocated into 6 groups (n = 8 per group):
Control group: Mice were intragastrically administrated with 200 μL of saline once a day for 7 consecutive days. Then, they were treated with 200 μL of saline intratracheally.
LPS group: Mice received an intratracheal administration of 3 mg/kg LPS once.
Emodin-20 group: Mice were intragastrically administrated with 20 mg/kg emodin once a day for 7 consecutive days. On the last day, mice were treated with 3 mg/kg LPS intratracheally.
Emodin-40 group: Mice were intragastrically administrated with 40 mg/kg emodin once a day for 7 consecutive days. On the last day, mice were treated with 3 mg/kg LPS intratracheally.
SP600125 group: Mice were intraperitoneally injected with 30 mg/kg SP600125 once a day for 7 consecutive days. On the last day, mice were treated with 3 mg/kg LPS intratracheally.
Anisomycin group: Mice were intraperitoneally injected with 15 mg/kg anisomycin. 1 h later, they were intragastrically administrated with 40 mg/kg emodin once a day for 7 consecutive days. On the last day, mice were treated with 3 mg/kg LPS intratracheally.
8 h after the LPS challenge, the mice were sacrificed with administration of 1.5% (v/v) sodium pentobarbital. bronchoalveolar lavage fluid (BALF) samples, and lung tissues were collected. BALF samples were used for the determination of TNF-α and IL-6. The superior lobes of the left lung were collected for the wet/dry ratio (W/D) analysis, while the right lobe of the lung was fixed in 4% paraformaldehyde for a histological analysis. The remaining lung tissues were homogenized and stored at –80°C for protein analysis.
Lung Wet/Dry Weight Ratio Analysis
The fresh lung tissues were excised, blotted dry, and immediately weighted to obtain the wet weight (W). These lung tissues were dried at 60°C in a thermostatic drier (FUMA, Shanghai, China) until the weight did not change and weighted again to obtain the dry weight (D) (Liu et al., 2016). For the evaluation of the degree of pulmonary edema, the W/D ratio was calculated by the following formula: W/D × 100%.
BALF Preparation and Examination
After the sacrifice of mice, the trachea was separated and then inserted in a plastic cannula. Subsequently, the BALF was collected with two equals of 0.5 ml of cold PBS instilled up to a total volume of 1.0 ml and centrifuged at 500 ×g for 10 min at 4°C (Liu et al., 2016). The concentration of total protein in the supernatant of the BALF was measured by a BCA Assay Kit.
Histological Analysis
The right lobes of lung tissues were isolated, rinsed with cold saline, and fixed in 4% (w/v) paraformaldehyde overnight at RT. After being dehydrated and embedded in paraffin, the lung tissues were cut into 5 μm thin sections and stained with hematoxylin and eosin (H&E, Yuanye Biotech, Shanghai, China) (Liu et al., 2016). Tissue sections were observed by using an IX 53 light microscope (Olympus, Tokyo, Japan).
Statistical Analysis
All data were expressed as mean ± SEM. ANOVA was used to assess differences between multiple groups by SPSS 20.0 (IBM, Armonk, USA). Tukey’s test was used for multiple comparisons. p < 0.05 was considered statistically significant.
RESULTS
Emodin Inhibits Inflammatory Response and Oxidative Stress In Vitro and In Vivo
We first determined the cytotoxicity of emodin in murine macrophage RAW264.7 cells and found that no toxic effects were observed up to 40 μM (Supplementary Figure S1). The chemical structure of emodin is shown in Figure 1A. We therefore used emodin with the dosages of 30–40 μM for further study. Then we determined whether emodin could affect the inflammatory response and oxidative stress in LPS-stimulated RAW264.7 cells. As shown in Figure 1B, after LPS stimulation, the levels of inflammatory factors TNF-α, IL-6, MCP-1, and MIP-2 in the culture medium significantly increased, while emodin pretreatment dose-dependently decreased the secretion of TNF-α, IL-6, MCP-1, and MIP-2.
[image: Figure 1]FIGURE 1 | Emodin suppresses inflammatory response and oxidative stress in vitro and in vivo. (A) The chemical structure of emodin. (B) Emodin inhibits the production of inflammatory factors TNF-α, IL-6, MCP-1, and MIP-2 in LPS-induced RAW264.7 cells. RAW264.7 cells were pretreated with emodin (30, 35, or 40 μM) for 2 h and then treated with LPS (100 ng/ml) for 18 h. The levels of TNF-α, IL-6, MCP-1, and MIP-2 in supernatant were measured by ELISA. (C) Emodin inhibits oxidative stress in LPS-induced RAW264.7 cells. RAW264.7 cells were pretreated with emodin (30, 35, or 40 μM) for 2 h and then treated with LPS (100 ng/ml) for 18 h. The cells were collected and the ROS production was determined by flow cytometric analysis. Data are presented as mean ± SEM, n = 3. ***p < 0.001 compared with the control group, ###p < 0.001 compared with the LPS group. (D) Protective effects of emodin on zebrafish challenged by LPS. 3 dpf zebrafish larvae were yolk-microinjected with LPS (0.5 mg/ml), and then treated with emodin (0.05 μM) or DEX (5 μg/ml). Survival of zebrafish larvae was assessed within 72 h. PBS-microinjected zebrafish larvae were served as the negative control. Data are presented as mean ± SEM. ***p < 0.001 compared with the PBS group, ###p < 0.001 compared with the LPS group.
In addition, a flow cytometric analysis was used to assay the level of ROS. As shown in Figure 1C, the fluorescence intensity of DCF represents the level of intracellular ROS. LPS stimulation significantly accelerated the ROS production compared with the control group. Nevertheless, emodin repressed the secretion of ROS in a dose-dependent manner.
We then determined whether emodin could protect against LPS-induced death in zebrafish larvae. As shown in Figure 1D, all zebrafish larvae challenged with LPS died within 72 h. However, the survival rate of zebrafish larvae that were treated with emodin remarkably increased, and a similar result was observed in DEX-treated larvae.
Emodin Suppresses the Activation of JNK Signaling in LPS-Stimulated RAW264.7 Macrophage Cells
MAPK signaling plays a crucial role in regulating inflammatory molecules and immune-related pro-inflammatory cytokines (Kaminska et al., 2009; Kyriakis and Avruch, 2012). Therefore, we investigated whether MAPK was involved in the anti-inflammatory effects of emodin in RAW264.7 cells. As shown in Figure 2A, LPS stimulation activated MAPK signaling by increasing the expression levels of p-p38 (Thr180/Tyr182), p-JNK (Thr183/Tyr185), and p-ERK (Thr202/Tyr204). Emodin treatment dose-dependently suppressed LPS-induced JNK phosphorylation, whereas it had no obvious effects on p38 Thr180/Tyr182 and ERK Thr202/Tyr204.
[image: Figure 2]FIGURE 2 | Emodin inhibits LPS-induced inflammation via the JNK pathway in RAW264.7 cells. (A) Emodin suppresses activation of the JNK pathway in LPS-stimulated RAW264.7 cells. RAW264.7 cells were pretreated with emodin (40 μM) for 2 h followed by exposure to LPS (100 ng/ml) for 18 h. Then the expression levels of p-p38 (Thr180/Tyr182), p38, p-JNK (Thr183/Tyr185), JNK, p-ERK (Thr202/Tyr204), and ERK were assessed using Western blotting. (B,C) Anisomycin counteracts the inhibitory effects of emodin on the secretion of inflammatory cytokines. RAW264.7 cells were pretreated with SP600125 (8 μM) for 2 h or anisomycin (18 nM) for 4 h, and then treated with emodin (40 μM) for 2 h followed by exposure to LPS (100 ng/ml) for another 18 h. The levels of TNF-α (B) and IL-6 (C) in supernatant were measured by ELISA. Data are presented as mean ± SEM, n = 3. ***p < 0.001 compared with the control group; ##p < 0.01, ###p < 0.001 compared with the emodin group; †p < 0.05, ††p < 0.01, †††p < 0.001 compared with the emodin group.
We further investigated whether emodin reduced the secretion of TNF-α and IL-6 due to JNK inhibition; a specific JNK inhibitor, SP600125, was used to block or abolish the expression of p-JNK, whereas anisomycin, a selective JNK activator, was used to upregulate the expression level of p-JNK. Our results showed that SP600125 and anisomycin did not influence the expression of TNF-α and IL-6 in unstimulated RAW264.7 cells (Supplementary Figure S2). However, SP600125 enhanced the inhibitory effect of emodin on TNF-α and IL-6, whereas this inhibitory effect could be counteracted by anisomycin in LPS-stimulated RAW264.7 cells (Figures 2B,C). Taken together, these results indicate that emodin inhibited TNF-α and IL-6 expression by inhibiting JNK signaling in LPS-stimulated RAW264.7 cells.
Emodin Regulates the Nur77/c-Jun Pathway in LPS-Stimulated RAW264.7 Cells by Inhibiting the JNK Pathway
Since the orphan nuclear receptor Nur77 was recognized as an important regulator in inflammation, the suppression of c-Jun was reported to inhibit inflammatory response in vitro and in the LPS-induced ALI mice model (Lee et al., 2016; Liu et al., 2017; Yang et al., 2018). Moreover, it has been shown that the interaction of Nur77 and c-Jun inhibits the c-Jun promoter activity, decreasing the expression of c-Jun involved in AP-1 transcriptional activity and endothelin-1 expression in human umbilical vein endothelial cells (Qin et al., 2014). We further explored the effect of emodin on Nur77 and c-Jun in LPS-stimulated RAW264.7 cells. As shown in Figure 3A, on LPS stimulation, Nur77 was phosphorylated at Ser351 and c-Jun was phosphorylated at Ser73, and the expression levels of Nur77 and c-Jun were also elevated. However, emodin dose-dependently inhibited the phosphorylation of Nur77 and c-Jun, upregulated the expression level of Nur77, and downregulated the expression level of c-Jun.
[image: Figure 3]FIGURE 3 | Emodin regulates the Nur77/c-Jun pathway in LPS-stimulated RAW264.7 cells by inhibiting the JNK pathway. (A) Emodin regulates the Nur77/c-Jun pathway. RAW264.7 cells were pretreated with emodin (40 μM) for 2 h followed by exposure to LPS (100 ng/ml) for 18 h. The expression levels of p-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and c-Jun were measured by Western blotting. (B) The functional verification of SP600125 and anisomycin. RAW264.7 cells were treated with SP600125 (10 μM) for 22 h or anisomycin (18 nM) for 24 h. The expression levels of p-JNK (Thr183/Tyr185), JNK, p-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and c-Jun in total cell lysates were detected by Western blotting. (C) Anisomycin blocks the regulatory effects of emodin on the Nur77/c-Jun pathway. RAW264.7 cells were pretreated with SP600125 (8 μM) for 2 h or anisomycin (18 nM) for 4 h, and then treated with emodin (40 μM) for 2 h, followed by exposure to LPS (100 ng/ml) for another 18 h. The expression levels of p-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and c-Jun in total cell lysates were detected by Western blotting. (D) Emodin increases the transcriptional activity of Nur77 via the JNK pathway. HEK293.7T cells were transfected with plasmid Nur77-luciferase (1.6 μg/ml) and pRL-TK (1.6 μg/ml) in the presence or absence of JNK1 plasmid (3.2 μg/ml). After 24 h transfection, cells were treated with emodin for 8 h, and then luciferase assay was performed. Relative luciferase activity was expressed as the ratio of firefly to Renilla luciferase. Data are presented as mean ± SEM, n = 3. **p < 0.01 compared with the control group; ###p < 0.001 compared with the emodin group. (E) Emodin increases the protein expression of Nur77 via the JNK pathway. HEK293.7T cells were transfected with JNK1 plasmid (3.2 μg/ml). After 24 h transfection, cells were treated with emodin for 8 h, and then the expression levels of p-JNK (Thr183/Tyr185), JNK, p-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and c-Jun in total cell lysates were assessed using Western blotting.
To further elucidate the role of JNK in the anti-inflammatory effects of emodin, JNK inhibitor SP600125 and activator anisomycin were employed. First, we performed functional verification on SP600125 and anisomycin (Figure 3B). Our results showed that SP600125 (10 μM) could inhibit the expression of p-JNK (Thr183/Tyr185), and anisomycin (18 nM) increased p-JNK expression in RAW264.7 cells. Moreover, compared to the control group, SP600125 inhibited the expression of p-Nur77 (Ser351), p-c-Jun (Ser73), and c-Jun, and increased the expression of Nur77. Nevertheless, anisomycin increased the protein expression of p-Nur77 (Ser351), p-c-Jun (Ser73), and c-Jun, reducing the Nur77 expression. To better explore the coordination effects of emodin and SP600125, we chose a lower dose of SP600125 (8 μM) for follow-up research. Similarly, as shown in Figure 3C, blockage of JNK by SP600125 enhanced the inhibitory effects of emodin on phosphor-c-Jun, the expression levels of c-Jun, and the upregulatory effect of emodin on Nur77 expression in LPS-stimulated RAW264.7 cells. However, the activation of JNK by anisomycin counteracted the regulatory effects of emodin on the Nur77/c-Jun signaling pathway.
Moreover, in HEK293T cells, JNK overexpressed plasmid was used to up-regulate the JNK expression (Supplementary Figure S3), and the overexpression of JNK inhibited the Nur77 luciferase activity induced by emodin (Figure 3D). Similarly, Western blotting results showed that JNK overexpressed plasmid counteracted the inhibitory effects of emodin on p-JNK (Thr183/Tyr185), p-c-Jun (Ser73), and p-Nur77 (Ser351), and the upregulatory effects of Nur77 (Figure 3E). Taken together, these results demonstrate that the regulation of emodin on Nur77 and c-Jun signaling is associated with JNK inhibition.
Emodin Suppresses LPS-Induced Activation of c-Jun Through Regulation of Nur77
It has been proven that Nur77 decreased c-Jun expression because of inhibiting the AP-1 dependent c-Jun promoter activity (Qin et al., 2014). To study whether Nur77 regulates c-Jun activity in emodin-mediated anti-inflammatory activity, Nur77 siRNA was applied to silence the expression of Nur77 (Supplementary Figure S4), and then the expression of c-Jun was assayed. It could be found that the inhibitory effect of emodin on the total c-Jun expression was counteracted by Nur77 siRNA (Figure 4A). In addition, EMSA results suggested that Nur77 siRNA counteracted the inhibitory effects of emodin on the DNA-binding activity of c-Jun (Figure 4B). Taken together, these results indicate that emodin suppresses the activation of c-Jun via Nur77 signaling.
[image: Figure 4]FIGURE 4 | Emodin suppresses LPS-induced activation of c-Jun through regulation of Nur77. (A) Emodin decreases the expression levels of p-c-Jun (Ser73) and c-Jun through regulation of Nur77. RAW264.7 cells were transfected with Nur77 siRNA (120 nM) for 24 h, and then treated with emodin (40 μM) for 2 h, followed by exposure to LPS (100 ng/ml) for another 18 h, p-c-Jun (Ser73), and c-Jun were detected by Western blotting. (B) Emodin inhibits the DNA-binding activity of c-Jun through regulation of Nur77. The nuclear lysates were harvested and the DNA-binding activity were measured using EMSA.
Emodin Protects Against LPS-Induced ALI Mice Through Inhibition of the JNK Signaling
Inflammatory response contributes to the progression of ALI. Previous studies have shown that the inhibition of JNK signaling could suppress inflammatory response in animal models, including LPS-induced ALI mice (Ha et al., 2018; Fei et al., 2019). Therefore, we verified whether emodin could alleviate ALI through the JNK signaling pathway. As shown in Figure 5A, edema, hyperemia, and inflammatory cell infiltration were reduced in the lung tissues in emodin-treated ALI mice, compared with LPS-induced ALI mice. In addition, emodin treatment decreased edematous and inflammatory indexes, including the lung W/D ratio (Figure 5B), total protein (Figure 5C), and the expression levels of pro-inflammatory cytokines TNF-α (Figure 5D) and IL-6 (Figure 5E) in BALF. Taken together, emodin at the dosage of 20 and 40 mg/kg possesses remarkable anti-ALI effects. Similar effects were also observed in SP600125-treated mice. However, the protective effects of emodin were counteracted in the presence of anisomycin (15 mg/kg). These data indicate that emodin attenuates inflammation in ALI mice through the inhibition of JNK signaling.
[image: Figure 5]FIGURE 5 | Emodin inhibits LPS-induced acute lung injury (ALI) in mice via the JNK pathway. (A) SP600125 alleviates the protective effects of emodin on lung histopathological changes in ALI mice. The lung tissues were stained with hematoxylin and eosin (H&E) (40 ×). (B–E) Anisomycin counteracts the inhibitory effects of emodin on inflammation and edema in ALI mice. At 8 h after stimulation by LPS, lung tissues were separated and then weighted to obtain the W/D ratio (B). BALF was collected to detect the total protein concentration (C) using the BCA protein assay kit, and the levels of TNF-α (D) and IL-6 (E) in the supernatant were measured by ELISA. Data are presented as mean ± SEM, n = 8. ***p < 0.001 compared with the control group; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with the LPS group; †p < 0.05, †††p < 0.001 compared with the emodin-40 group.
We further explored whether emodin regulates the activity of Nur77 and c-Jun via the JNK signaling pathway in LPS-induced ALI mice. As shown in Figure 6A, emodin treatment dose-dependently increased the expression levels of Nur77, and decreased the levels of phosphor-Nur77, phosphor-c-Jun, and c-Jun in LPS-induced ALI mice. Similar results were also observed in the SP600125 group. Notably, anisomycin could reduce the effects of emodin on the Nur77/c-Jun signaling pathway, indicating that emodin regulates the activity of the Nur77/c-Jun pathway through JNK inhibition in LPS-induced ALI mice.
[image: Figure 6]FIGURE 6 | (A) Emodin regulates the Nur77/c-Jun pathway through inhibition of the JNK pathway in LPS-induced acute lung injury mice. The lung tissues were harvested and homogenized. The expression levels of P-Nur77 (Ser351), Nur77, p-c-Jun (Ser73), and c-Jun in total lysates were examined using Western blotting. (B) Illustration of protection provided by emodin on LPS-induced inflammation.
DISCUSSION
Dysregulated inflammatory response, diffuse alveolar damage, proteinaceous edema, hyaline membranes, and even fibroplasia are the main pathophysiological characteristics of ALI (Matthay et al., 2003; Elicker et al., 2016). Recent clinical strategies for ALI/ARDS are limited to mechanical ventilation and supportive treatments (Matthay et al., 2017). Therefore, a successful treatment for ALI/ARDS is an urgent clinical challenge. Emodin, an active component extracted from Rheum palmatum L., has been shown to exert biological activities in inflammatory and infectious diseases (Kim et al., 2008; Jia et al., 2014). In the last few years, studies have shown that emodin could ameliorate the lung histopathological changes in ALI models (Xiao et al., 2014; Xu et al., 2016; Cui et al., 2017). In this study, our results showed that emodin exerted significant anti-inflammatory properties in vitro and in vivo via the JNK/Nur77/c-Jun signaling pathway. In this study, the difference in the dosage of emodin between a murine macrophage cell line RAW264.7 and zebrafish models may be due to the different species. To our knowledge, this is the first report of emodin exerting the anti-ALI effects via the JNK/Nur77/c-Jun signaling pathway.
A number of studies have proven that the MAPK signaling pathway, including p38, JNK, and ERK, is activated in the LPS-induced mice model of ALI (Yu et al., 2016; Hsieh et al., 2017). Consistent with previous findings, our study showed that LPS activated the MAPK signaling pathway by increasing the phosphorylation of p38 at Thr180/Tyr182, JNK at Thr183/Tyr185, and ERK at Thr202/Tyr204 in RAW264.7 cells. Interestingly, we found that emodin inhibited JNK phosphorylation but had no effect on the expression of JNK, p38 phosphorylation, or ERK phosphorylation. However, previous studies reported that emodin decreased the concanavalin A-induced phosphorylation of p38 in RAW264.7 cells as well as LPS-induced phosphorylation of ERK and p38 in mouse peritoneal macrophages (Jia et al., 2014; Xue et al., 2015). The controversial results of emodin on the MAPK pathway might be due to the different types of inflammation models. Moreover, we found that the inhibitory effects of emodin on the production of TNF-α and IL-6 were exaggerated by JNK blockage, but can be counteracted by JNK activation, which further indicated that the inhibition of the JNK pathway contributed to emodin-mediated anti-inflammatory activity.
Orphan nuclear receptor Nur77 plays an important role in inflammation. Nur77 is upregulated in macrophages in response to pro-inflammatory stimuli including LPS, TNF-α, prostaglandins, and interferon gamma (Bonta et al., 2006; Shao et al., 2010). Nur77 blocks macrophages toward an inflammatory phenotype through the inhibition of inflammatory gene expression and the regulation of chemokine (C-X3-C motif) receptor 1 (CX3CR1) expression (Hamers et al., 2016; Koenis et al., 2018). A study has proven that 5-aminosalicylic acid inhibited monocrotaline-induced inflammatory responses in pulmonary arterial hypertension rats by increasing the Nur77 expression (Sun et al., 2017). Similarly, we found that emodin upregulated Nur77 in LPS-stimulated RAW264.7 macrophage cells and ALI mice. Further studies showed that emodin increased the promoter activity of Nur77 in LPS-stimulated RAW264.7 cells and inhibited LPS-induced phosphorylation of Nur77 at the Ser351 site in vitro and in vivo. However, a previous study reported that 1 hour after LPS stimulation, phosphorylation of Nur77 at the Th site increased in RAW264.7 cells, but not the Ser site (Li et al., 2015). These different phosphorylation sites activated by LPS might be due to the difference of LPS stimulation time in RAW264.7 cells.
TNF-α induces Nur77 expression by activating JNK, which leads to attenuating the death effect of TNF-α in cancer cells (Xu et al., 2016). Moreover, studies have shown that phosphorylated Nur77 promoted cell apoptosis and inhibition of JNK suppressed the phosphorylation of Nur77, resulting in alleviating early brain injury after a subarachnoid hemorrhage (Dai et al., 2014). The aforementioned studies indicated that Nur77 could regulate cell survival via JNK signaling and therefore inhibit the inflammatory response. In our study, we demonstrated that emodin exerted anti-inflammatory effects that resulted from enhancing the promoter activity and expression level of Nur77 as well as inhibiting the Nur77 phosphorylation via JNK signaling. Activated JNK can phosphorylate the transcription factor c-Jun, which induces c-Jun nuclear translocation and finally regulates the transcription of target genes that are involved in inflammatory response (Ip and Davis, 1998; Rahman et al., 2002). We speculate that the decrease of c-Jun leads to the reduction of the inflammatory factors TNF-α and IL-6 production. It was reported that polyphenol-rich peanut extract reduced extracellular TNF-α protein by inhibiting c-Jun transcription factor activity, suggesting an anti-inflammatory effect (Catalán et al., 2012). Moreover, in vivo and in vitro inhibition of c-Jun could reduce H5N1 influenza virus replication and subsequent inflammatory reactions (Xie et al., 2014). Similarly, our results showed that emodin downregulated the expression level of c-Jun in LPS-treated RAW264.7 cells and ALI models. In addition, emodin also suppressed c-Jun phosphorylation at Ser73 in this study. Studies have demonstrated that emodin decreased the expression of c-Jun due to the reduction of adenosine 5′-monophosphate (AMP)-activated protein kinase-alpha and the inhibition of COP9 signalosome-associated kinases, which contributed to the anti-cancer effects of emodin (Füllbeck et al., 2005; Tang et al., 2015). But the inhibitory effects of emodin on c-Jun expression in inflammatory responses have not been reported so far. Furthermore, activation of JNK counteracted the inhibitory effects of emodin on c-Jun, indicating that emodin repressed the activation of c-Jun via JNK signaling in inflammatory responses. Taken together, previous findings and our aforementioned data suggest that emodin inhibits both Nur77 and c-Jun phosphorylation and increases Nur77 expression, suggesting that Nur77 and c-Jun may be JNK downstream.
A previous study suggested that c-Jun combined with the promoter of Nur77, resulting in an increase in Nur77 expression which promotes the production of testosterone steroids (Lee et al., 2009). Moreover, the combination of Nur77 and c-Jun inhibits the expression of c-Jun, which results in a decrease of endothelin-1 in vascular endothelial cells (Qin et al., 2014). The previously mentioned studies suggested there was mutual regulation between Nur77 and c-Jun. Our data also demonstrated that the blockage of Nur77 abolished the inhibitory effects of emodin on c-Jun expression in RAW264.7 cells. These results may be explained by the increased Nur77 levels in the nucleus, which may increase the chance of Nur77 binding to c-Jun, leading to a decreased c-Jun expression. In addition, in this study, emodin also suppressed c-Jun phosphorylation at Ser73. These findings and our results suggest that emodin has multiple effects on c-Jun. Emodin may inhibit the expression of c-Jun due to the binding of Nur77 to c-Jun; on the other hand, it may inhibit c-Jun phosphorylation due to JNK inhibition.
Recently, coronavirus disease 2019 (COVID-19), a declared global pandemic caused by severe acute respiratory syndrome corona virus 2 (SARS-CoV-2), is characterized by an excessive inflammatory response (Huang et al., 2020). Cytokine storms including pro-inflammatory cytokines and chemokine response lead to the deterioration and death of patients with COVID-19 (Ye et al., 2020). A previous study showed that emodin could inhibit the interaction of the SARS-CoV S protein and angiotensin converting enzyme 2 (ACE2) (Ho et al., 2007). A recent study found that SARS-CoV-2 and SARS-CoV had a 79.6% sequence identity and the same cell entry receptor (ACE2) (Zhou et al., 2020). These studies indicate that emodin may be a potential therapeutic agent to treat COVID-19.
CONCLUSION
Our study shows that emodin effectively inhibits LPS-induced inflammatory response in RAW264.7 macrophage cells, zebrafish model, and ALI mice. Emodin suppresses LPS-induced JNK activation, and subsequently regulates the downstream mediators Nur77 and c-Jun, which results in the reduction of inflammatory cytokines. Moreover, emodin inhibits the activity of c-Jun through the upregulation of Nur77 (Figure 6B). Therefore, the JNK/Nur77/c-Jun pathway may be a potential target for developing therapies for ALI, and emodin may have the utility as an anti-ALI agent.
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Primer name

L6F
L-6-R
TNF-a-F
TNF-a-R
IL-1p-F
L-1p-R
NOS-F
NOS-R
COX-2-F
COX-2-R
Arg-1-F
Arg-1-R
Ym-1-F
Ym-1-R
CD206-F
CD206-R
p-actin-F
-actin-R

Sequence (5' to 3)

CCAGAAACCGCTATGAAGTTCC
GTTGGGAGTGGTATCCTCTGTGA
ACGGCATGGATCTCAAAGAC
GTGGGTGAGGAGCACGTAGT
GTTCCCATTAGACAACTGCACTACAG
GTCGTTGCTTGGTTCTCCTTGTA
GAACTGTAGCACAGCACAGGAAAT
CGTACCGGATGAGCTGTGAAT
CAGTTTATGTTGTCTGTCCAGAGTTTC
CCAGCACTTCACCCATCAGTT
GTGAAGAACCCACGGTCTGT
GCCAGAGATGCTTCCAACTG
CAGGGTAATGAGTGGGTTGG
CACGGCACCTCCTAAATTGT
CTTCGGGCCTTTGGAATAAT
TAGAAGAGCCCTTGGGTTGA
GTCAGGTCATCACTATCGGCAAT
AGAGGTCTTTACGGATGTCAACGT
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CircRNA

hsa_circ_0001568
hsa_circ_0023990
hsa_circ_0005008
hsa_circ_0000407
hsa_circ_0008344
hsa_circ_0005198
hsa_circ_0034642
hsa_circ_0072665
hsa_circ_0027089
hsa_circ_0015278

p-value

0.019669755
0.004710925
0.008125146
0.008819279
0010327312
0.010271275
0.010766813
0.013482826
0.00682063

0.008022201

Fold change

6.8932736
6.2519308
6.0257775
6.0222696
6.0167564
5.9127625
5.8900901
5.8529225
5.6921968
5.1897478

Mode of regulation

up
up
up
up
uwp
up
uwp
up
up
up

Gene symbol

DusP22
NOX4
HNRNPA1P48
SMARCC2
UBAP2
PARP4
VPS18
ADAMTSE
PTGES3
KLHL20
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Microarray analysis Validation

RA Control RA SLE Control OA

(=5 (=5 (n =49 (n =25) (n = 40) (=7

Age (years) 45 (35-65) 48 (32-68) 51 (17-71) 28 (16-40) 50 (30-66) 50 (49-54)
Sex (M/P) (n) 213 23 18/31 s 14/26 2/5
CRP (mg/L) 652 (25.3-91.1) NA 238 (0.34-107.3) 252 (0.1-113.5) NA 5(05-10)
ESR (mmv/1 ) 59 (41-95) NA 38 (22-112) 40 (9-102) NA 15 (7-28)
lgM RF(U/mL) 98.8 (60-411) NA 154.5 (9.19-4,700) NA NA NA
Anti-CCP (U/mL) 83.4 (30.1-450) NA 133.7 (7.8-1,200) NA NA NA
DAS28 (scores) 574 (5.08-7.25) NA 582 (3.08-8.16) NA NA NA

Abbreviations: RA: theumatoid arthrits; SLE: systemic Lupus Erythematosus; OA: osteoarthitis; M/F: male/female; ESR: erythrocyte sedimentation rate; CAP: C-reactive protein;
DAS28: disease activity score in 28 joints; RF: rheumatoid factor: anti-CCP: anti-cyclic citrullinated peptide antibodies; NA: not available. Data are expressed as the median (range).
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Genes

CYP1A1

CYP2A6"4
CYP2A6*1/*4
CYP2AG*4/*4
CYP2B6 rs7254579
CYP2B6'6
CYP2C9 rs1057910 and
rs1799853
CYP2D6

CYP2E1

CYP2E1 1s203192

UGT2B7 rs7439366
UGT2B7 rs7439366

GSTM1/GSTT1(nul)

NAT2 siow acetylation type

Drug

Nevirapine
Valproic acid
Valproic acid

Ticlopidine
Efavirenz
Nevirapine
Valproic acid
Anti-TB drugs

Anti-TB drugs

Anti-TB drugs
Diclofenac

Tacrine
Trogiitazone
Antimicrobial
agents
Anti-infective
Drugs
NSAIDs
Anti-TB drugs
Anti-TB drugs

Method

CGs
CGS
CGs

CGs
CGS
ces
CGs
GWAS

[elc)
GWAS
[elc)
CcGs

CGs
ces
CGS
ces
[elc)
CGs
GWAS

ces
CGs

CGs

Cohort

U (European) Singh et al. (2017)
807 cases (Global) Yoon et al. (2020)
79 cases, 200 T (Chinese) Zhao et al. (2017)

22 cases92 T (Japanese) Ariyoshi et al. (2010)
41 cases, 160 P (African) Yimer et al. (2012)

U (European) Singh et al. (2017)

807 cases (Global) Yoon et al. (2020)

114 cases, 114 controls (Chinese) Wei et al. (2020)

49 cases, 21 cases (Chinese) Huang et al. (2003)
2225 cases, 4906 controls (Global) Cai et al. (2012)
182 cases, 13 controls (Chinese) Shi et al. (2014)
24 cases, 48 T, 122 P (European) Daly et al. (2007)

18 cases, 123 controls (European) Simon et al. (2000)
25 cases, 85 controls (Japanese) Watanabe et al. (2003)
44 cases, control data U (Spanish) Okada et al. (2011)

49 cases, control data U (Spanish) Lucena et al. (2008)

19 cases, control data U (Spanish) Lucena et al. (2008)
50 cases, 246 controls (Indian) Gupta et al. (2013)

100 cases, 210 controls (Indonesian) Yulwulandar et al.
(2019)

1527 cases, 7184 controls (Global) Zhang et al. (2018b)
1527 cases, 7184 controls (Wester Asian) Davidson
etal. (2008)

1527 cases, 7184 controls (European) Zhang et al.
(2018b)

OR

3.68-4.91
0.48
25
20.27
24
33
178
0.70
9.193
4.390
252
1.36
201
Cvw. T: 7.7
Cvs. P:85
23
3.692
3.52

3.12
5.61
7.18
3.64

3.15
6.42

232

0.13-0.21
0.01
0.035
0.006

0.35
0.002
<0.001
<0.001

0.12
0.026
0.008
0.002
0.006
0.001
0.007
0.000

0.000

95%Cl

u
0.10-0.86
1.06-6.69

2.38-172.62

u

u

u
0.25-1.15

3.624-25.888
1.982-9.724

u
0.92-2.00

u

1.1-69.9

u
1.354-10.066
1.56-8.22
1.37-7.11
1.99-16.0
1.7-32.6
2.21-6.00

2.58-3.84
241-17.10

0.58-9.24

OR, ods ratio; P, p value; 95%Cl, 95% confidence interval; C, medication with adverse reactions; T, medication with no adverse reactions; PC, population control; U, unknown; Anti-TB
druge, Antituberculosie drugs: NSADs, Non-steroidal anti-nfiamnatory drugs.





OPS/images/fphar-12-707776/fphar-12-707776-g002.gif





OPS/images/fphar-12-735260/fphar-12-735260-t001.jpg
Genes

A"02:01 rs2523822
TRNAI25

A'30:02

A*33:01

A'33:01

A*33:01

A*33:03

B*14:01

B*18:01
B*35:01
B*35:02
B*39:01
B'57:01
B'57:01
B'57:03

B*58:01

DRB1*01:02

DRB1°07

DRB1°07:01
DRB1*16:01-DQB1'05:02
DRB1*15:01-
DQB1'06:02

Drug

Amoxicilln-clavulanate

Amoxicillin-clavulanate
Terbinafine
Fenofiorate
Ticlopidine

Ticlopidine
Compound
sulfamethoxazole
Amoxicillin-clavulanate
Polygonum muttfiorum
Minocydiine

Infiximab

Flucloxacilin
Pazopanib
Flucloxacilin

Nevirapine

Nevirapine
Ximelagatran
Lapatinib

Flupirtine
Amoxicilln-clavuianate

Method

GWAS

cGs
GWAS
GWAS
GWAS
cGs
GWAS

oGS

GWAS
GWAS
GWAS
GWAS
GWAS

cGs
cGs
GWAS
GWAS
GWAS
cGs

Cohort

201 cases; 531 controls (European) Lucena et al. (2011)

75 cases; 885 controls (Spanish) Stephens et al. (2013)
21 cases; 10,688 controls [European) Nicoletti et al. (2017)
7 cases; 10,588 controls (European) Nicoletti et al. (2017)
5 cases; 10,588 controls (European) Nicoletti et al. (2017)
22 cases; 85 controls (Japanese) Hirata et al. (2008)

51 cases; 12,156 controls (European and American) Lietal.
(2021)

75 cases; 885 controls (Spanish) Stephens et al. (2019)
26 cases; 99 controls (Chinese) Li et al. (2019)

25 cases; 10,588 controls (European) Urban et al. (2017)
18 cases; 60 controls (white persor) Bruno et al. (2020)
197 cases; 6835 controls (European) Nicoletti et al. (2019)
429 cases; 1761 controls (Global) Xu et . (2016)

197 cases; 6835 controls (White person) Nicoletti et al.
(2017)

57 cases; 111 controls (African) Hirata et al. (2008)

57 cases; 111 controls (African) Philiips et al. (2013)

74 cases; 130 controls (European) Kindmark et al. (2008)
37 cases; 1071 controls (European) Schaid et . (2014)
614 cases; 10,588 controls (European) Nicolett et al. (2016)
75 cases; 885 controls (Spanish) Stephens et al. (2013)

OR

23

6.7
405
58.7
163.1
13.0

92

29
1439
296
436
36.6

20
79.2

u
u
44
14
187
3.0

P

1.8x 107"

26x10°
6.7'107°
32x 107
0.00002
124 x 10°
0.0003

0.0082
48x107°
25x10°®
0.001
267x10°7
0.0014
1i2%xd0°

u
u
u
24 %107
0.002
51x10™*

95%Cl
18-29

28-159
125-131.4
12.3-279.8
16.2-1642
4.40-38.59
3.16-22.35

13+62
30.1-687.5
7.8-89.8
2.8-+00
26.14-51.29
1331
3.37-116.1

u
u
u
6.36-31.32
25-140.5
1655

OR. odds ratio: P, p value: 95%C), 95% confidence interval: C, medication with adverse reactions: T. medication with no adverse reactions: PC, population control: U, unknown.
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Autoimmune diseases

SLE
MS
pSS

PBMCs (+)

The expression level of IL-38 in cells

Macrophages (+)

Acinar epithelial cells (+)
infitrating mononuclear cells (+)

Subjects

Human (+)
Mice (+)
Human (+)

References

33079487
33504620
25002739
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Autoimmune diseases

RA

Psoriasis

IBD

AITD

Synovium (+)

The expression level of IL-38 in tissues

Skin (-)

Mucosa (+)
serosa (+)
submucosa (+)
muscular layer (+)
intestine (+)

Circulating and orbital connective (-)

Subjects

Human (+)
mice (+)
Human (-)
mice (-)

Human (+)
mice (+)

Human (=)

References

26701127
31504934
31387327
30995480
26701127
30643810
31927461

33693700
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Autoimmune diseases Expression level of Function role of IL-38 References
IL-38 in serum/plasma

SLE Human (+) IL-38 increased expression levels of IL-6 and APRIL. 26314375

IL-38 decreased lupus-like dlinical symptoms histopathological features of skin and nephritis. 29385862

33051219

27769564

RA Human (+) IL-38 decreased expression levels of IL-6, IL-23, and TNF-a. 30268016

IL-38 decreased expression levels of Th17 cytokines and TNF-a. 26701127

28288964

32347300

AITD Human (+) IL-38 inhibited the expression of IL-17A. 33383445
IL-38 inhibited inflammation.

MS Human (+) IL-38 inhibited IL-17-criven inflammation. 33080590

10471494

33504620

oSS Human (-) IL-38 inhibited the expression of IL-27 and IL-23, 32950755

1L-38 decreased the frequency of Th17 cells and IL-17 protein.
BD Human (<) IL-38 was significantly correlated with eye involvement. 31957702
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miRNA
name

miR-26b

miR-223

miR-23a

miR-155

miR-301a

miR-
200family

miR-
214-3p

miR-206
miR-21

miR-
148a-3p
miR-
148a-5p
miR-133a
miR-
193a-3p
miR-31

Target

DIP1, MDM2,
CREBBP, BRCA1
NLRP3

CLDN8
C/EBPp

LB1
RADS1

JARID2
C/EBPB, SOCS1
IL13RA1

BTG

SNIP1

Snail

Slug
STAT6

PDLIM2, PTEN
ABAR

PDCD4

GP130, IKKa, IKKp,
TNFR2

IL1R1

AFTPH
IL17RD

IL13RA1

Sample
type

Tissue,
blood
Tissue

Tissue
Tissue

Tissue
Tissue
Tissue
Tissue
Tissue
Tissue
Tissue,
blood

Tissue

Tissue
Tissue

Tissue
Tissue
Tissue
Tissue
Tissue

Tissue
Tissue

Tissue

Research object

Promotes inflammation and CAC by miR-26b/
DIP1/DAPK axis
Regulate innate immunity in intestinal infammation

Regulate IL23/Th17 pathway
Inhibits intestinal macrophages and DCs showing
pro-inflammatory phenotype

Leads to impaired colon healing and genome
instabity by promoting DSB accumulation
Leads to impaired colon healing and genome
instability by promoting DSB accumulation
Induces Th17 cells differentiation

Regulates the phenotype of macrophages
Regulates the function of epithelial cells

Increases the permeabilty of IECs and damages
the intestinal barrier function

Promotes differentiation of Th17 cells and
expression of pro-inflammatory cytokines
Inhibits EMT of colonic mucosa

Inhibits EMT of colonic mucosa

Inhibits IFN-y expression and intestinal
inflammation

Activates NF-xB pathway and promotes intestinal
inflammation

Activates NF-xB pathway and promotes intestinal
inflammation

Activates NF-«B, STAT3 and BOL-2, and
promotes the survival of tumor cells

Inhibits NF-xB and STAT3 pathways and
tumorigenesis

Inhibits NF-xB and STAT3 pathways and
tumorigenesis

Promotes intestinal inflammation

Inhibits carcinogenesis by down-regulating
IL17RD

Regulates the function of epithelial cells

Expression
states

1
1

1
T

References

(Benderska et al., 2015)

(Neudecker et al., 2017; Macartney-Coxson
et al,, 2020; Wu et al,, 2020)

(Wang et al., 2016b; Li et al., 2020)

(Sun et al,, 2015; Zhou et al, 2015)

Butin-lsraei et al. (2019)

(Gasparini et al., 2014; Butin-Israeli et al.,
2019)

(Xu et al., 2017; Liu et al., 2018b; Zhu et al.,
2020b)

(Li et al., 2018; Xiao et al., 2019; Zhou et al.,
2019)

(Martinez-Nunez et al., 2011; Gwiggner et al.,
2018)

He et al. (2017)

He et al. (2016)

(Perdigao-Henriques et al., 2016; Zidar et al.,
2016)

(Liu et al., 2013; Zidar et al., 2016)

Lietal. (2017)

(Polytarchou et al., 2015a; Zhang and Znang,
2017b; Liu et al., 20190)

Wu et al. (20172)

(Ando et al., 2016; Shiet al., 2016; Sun et .,
2020; Hu et al,, 2021)

@hu et al, 2017; Raso et al,, 2019)

Zhu et al. (2017)

(Law et al., 2015; Law et al., 2016)
(Pekow et al., 2017; Yu et al., 2019)

Gwiiggner et al. (2018)

| indicates inhibition/reduction of miRNA expression in the object described in the corresponding *sample type" item, while 1 indicates increase/promotion; UC, uicerative coltis; DAPK,
death-associated protein kinase; DIP1, DAPK-interacting protein-1; MDM2, murine double minute-2; CREBBP, cyclic AMP response element-binding protein (CREB)-bindling protein;
BRCA1, breast cancer genes one; CAC, colitis-associated cancer; NLRP3, NOD-like receptor (NLR) family pyrin domain containing-3; CLDN, clauin eight; Th17, T helper 17 cell; C/
EBPB, CCAAT/enhancer binding protein beta; DCs, denditic cells; LB1, lamin B1; DSB, double-strand break; JARID2, jumonji and AT-rich interaction domain containing two; SOCST,
suppressor of cytokine signaling one; IL13RAT, interleukin 13 receptor subunit alpha one; BTG1, B-cell translocation gene-1; IECS, intestinal epithelial cells; SNIP1, Smad nuclear

interacting protein one; EMT, epithelial-mesenchymal transition; STATS, signal transducer and activator of transcription six; IFN-y, interferon gamma; PDLIM2, PDZ and LIM domain
protein two; PTEN, phosphatase and tensin homolog; NF-xB, nuclear factor kappa B; ASAR, adenosine As receptor, also known as ADORAS; PDCD4, programmed cell death protein four;
STATS, signal transducer and activator of transcrition three; BCL-2, B-cell lymphoma-2; GP130, glycoprotein 130; IKKa, IxB kinase  IKKp, Ix8 kinase ; TNFR2, tumor necrosis factor
receptor two: IL1R1, interleukin one receptor type 1: AFTPH, aftiohilin; IL17RD, interleukin 17 receptor D.
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Name  Length
(nt)

miRNA 17-26
SIRNA 9125

PRNA  24-31

Strand

Single-
stranded
Double-
stranded
Single-
stranded

Occurrence

Plants and animals

Plants and lower animals, but
mammals do not
Metazoans, mostly germline

Complementarity with
target mRNA

Partially complementary, so a single miRNA can
target hundreds of mRNA types

Fully complementary, targeting only one mRNA
type

Nt nucleotide;: miRNA, microRNA: siRNA, small interfering RNA: piRNA, Piwi-interacting RNA.

Function

Regulation of gene
translation
Protection against
virus intrusion
Genome stabilization

Evolutionary
conservation

Aimost conservative in
the species

Hardly conservative in
the species

Not very conserved
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Genes Drug  Method
ABCB1 151045642 Neviapine OGS
(3435C—T)

ABCB1 152032582 Nevirapine

ABCC2 1s717620 (24C—T)  Diclofenac

SLCO1B1 154149056 HD-MTX

SLCO1B1*1a (388A/521T)  Methimazole
SLCO1B1*1b (388G/521T)  Methimazole
SLCO1B1*15 Rifampicin
SLCO1B1*15 Bosentan

Cohort OR P
9 cases, 49 P (American) Ritchie et al. (2006) 0254 0.021
30 cases, 414 P (Japanese) Fukunaga et al. (2016) 259 68x 107

24 cases, 48T, 112 P (Englsh) Daly et al. (2007) Cvs. PC:63 Cvs. PC: 210

Cw.T:50  Cvs. T: 0,005
105 cases Yang et al. (2017) u 0.025
44 cases, 118 P (Chinese) Jin et al. (2019) 221 0.023
44 cases, 118 P (Chinese) Jin et al. (2019) 052 0.028
118 cases, 155 P (Chinese) Li et al. (2012) 204 003
9 cases, 14 P Rousti et al. (2014) u 066

95%Cl
0.09-0.76

1.49-4.56
Cuvs. PC: 2.38-16.7
Cvs. T: 1.71-14.7
u
1.11-4.39
0.29-0.93
1.05-3.96
u

OR. odds ratio: P, p value: 95%Cl, 95% confidence interval: C, medication with adverse reactions: T. medication with no adverse reactions: PC, population control: U, unknown.
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Low-dose: 375 mg/¥, high-dlose: 1 g, VAS: visual analog scales; PB: peripheral blood, LSG: abial saivary gland, IV intravenous; SWS: stimulated whol salia; IRR ifusion-related action; SSR: serum sickness-like reaction; RF: theumatoid
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Variable Genotype frequency, n (%)
rs251864 GG GA AA
RF

Positive 26(6.1) 160(37.3) 243(56.6)

Negative 12(9.9) 47(38.9) 62(51.2)
Anti-CCP

Positive 29(6.3) 180(39.2) 250(54.5)

Negative 9(11.0) 25(30.5) 48(58.5)

rs3746083 ™ TC cc
RF

Positive 40.9) 347.9) 391(91.2)

Negative 2(16) 16(13.3) 103(85.1)
Anti-CCP

Positive 5(1.1) 420.2) 412(89.7)

Negative 101.2) 9(11.0) 72(87.8)

2.761

3.756

3.743

0.286

RA, theumatoid arthritis; Anti-CCP, anti-cyclc citrullnated peptide; RF, heumatoid factor.

vatistically sigrificant ( < 0.05).

Value

0.251

0.153

0.154

0.867

Allele frequency, n (%)

G

212(24.7)

71(29.3)

238(25.9)
43 (26.2)

T

42(4.9)

20(8.3)

52(5.7)

16.7)

A

646(75.3)

171(70.7)

680(74.1)
121(73.8)

c

816(95.1)

222(91.7)

866(94.9)

153(93.3)

X

2118

0.006

4.029

0.276

Value

0.146

0.937

0.045°

0.599
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SNP

5251864

Dominant model

Recessive mode!

rs3746083

Dominant model

Recessive model

Genotype
GG

GA

GG + GA

GG

GA + AA

TC

cC

TT+TC
cc
T

TC+CC

RA (n = 580) n(%)
40(6.9)
219(37.8)
321(55.3)
299(25.8)
861(74.2)
250(44.7)
321(55.3)
40(6.9)
540(93.1)
6(1.0)
54(9.3)
520(89.7)
66(5.7)
1,094(94.3)
60(10.3)
520(89.7)
6(1.0)

574(99.0)

RA, rheumatoid arthritis; OR, odds ratio; Ci, confidence interval.

vatistically sigrificant ( < 0.05).

Controls(n = 554) (%)
45(8.1)
202(36.5)
307(55.4)
292(26.4)
816(73.6)
247(44.6)
307(65.4)
45(8.1)
509(91.9)
2(0.4)
36(6.5)
516(93.1)
40(36)
1,068(96.4)
38(6.9)
516(93.1)
2(0.4)

552(99.6)

OR (95%Cl)
0.850(0.540-1.338)
1.087(0.810-1.327)
Reference
0970(0.805-1.171)
Reference
1.003(0.793-1.268)
Reference
0.838(0.538-1.305)
Reference
2.977(0.598-14.818)
1.488(0.960-2.309)
Reference
1.611(1.078-2.407)
Reference
1.567(1.025-2.395)
Reference
2.885(0.580-14.355)

Reference

p Value

0483

0774

0.745

0.981

0433

0.162

0074

0.019*

0.037%

0176
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Characteristics RA patients (N = 580)

Age (years) mean + SD 5123+ 1271
Sex, female/male 483/97
Age of onset, years, M + SD 44.34 £ 13.91
Disease duration, years, M + SD 679+ 7.37
Treatment duration (years) mean + SD 574724
RF-positive no (%) 459(79.1)
Anti-CCP positive o (%) 420(74.0)

RA, rheurnatoid arthritis: RF. rheumatoid factor: Anti-CCP, anti-cyclic citrulinated peptide.
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Drugs name Animal Pharmacological actions and Mechanisms References

model

Rapamycin EAE Inhibits the activation of Th1 cells and superfunction of Th17 cells Li et al. (2020)

Tacrolimus, FK506 EAE Inhibits the dephosphorylation of nuclear factors in active T lymphooytes, reduces the  Kim et al. (2017)
secretion of IL-2, and inhibits the proliferation and activation of T cells

Methylprednisolone EAE Regulates the gene expression of CD4'T lymphocytes, induces the prolferation of Treg  De Andres et al. (2018)
cells, and reduces the secretion of proinflammatory cytokines

Metformin oPz Activates AMPK pathway, induces oligodendrocyte and myelin proiferation, and Largani et al. (2019)
recluces the proliferation of astrocytes and microgia

Aspirin EAE Increases the level of IL-11, up-regulates Treg cells, and decreases Thi and Th17 cells  Pahan and Pahan (2019)
response

Trichostatin A EAE Histone deacetylase inhibitor; promotes the induction of peripheral T cell tolerance,  Jayaraman et al. (2017)
reduces the migration of T cels to the spinal cord, and reduces neuronal injury

Ruxoitinib EAE Decreases the proportion of Th17 cells and the level of inflammatory factors, and ~ Hosseini et al. (2021)
increases the balance of Tregs and level of anti-inflammatory cytokines

Tofacitinio EAE Inhibits DCs expression of costimulatory molecules, activates marker molecules and  Zhou et al. (2016)
pro-inflammatory factors, inhibits antigen-specific T cel activation and differentiation,
and reduces spinal cord leukocyte infitration

Hydroxyfasudi oPz Reduces microglial-mediated neuroinflammation and promotes the production of Wang et al. (2019)
astrocyte-derived BDNF and the regeneration of NG2 oligodendrocyte precursor cells

a-lipoic acid EAE Inhibits the proiferation of T lymphocytes and macrophages in the CNS and reduces  Baldassari and Fox (2018)
axonal injury

Comus ircoid glycoside EAE Limits the entry of T cels into the CNS and the activation of microgla, increases the  Qu et al. (2019)
expression of BDNF and mature oligodendrocytes, reduces OPC, inhibits brain JAK/
STAT1/3, and reduces pro-inflammatory cytokines

lcarin oPz Improves the recovery of myeiin, enhances the repair of NF200 positive axons, increases  Zhang et al. (2017)
the number of mature oligodendrocytes in APG/Olig2, and prevents the loss of neuron-
derived neurotrophic factors (such as NGF)

lcariin EAE Reduces microglia infitration and spinal cord inflammation and demyeiination, and ~ Shen et l. (2015); Cong et .
inhibits Th1 and Th17 cells differentiation (2020)

Pulsatilla saponin A3 EAE Inhibits inflammatory Th1 and Th17 responses and transforms Th1 into Th2 Ipetal. (2015); Ip et al. (2017)

Dendrosomal nano- oPz Inhibits the activation of astrocytes and microglia and protects oligodendrocytes and  Motavaf et al. (2020)

curcumin (DNC) myelin cells

Bilobalide EAE Inhibits the infiltration of T cells and macrophages, reduces the expansion of Miao et al. (2020)
neuroinflammation, and causes the apoptosis of oligodendrocytes in the CNS

6-Gingerol EAE Inhibits the entry of inflammatory cells from the periphery into the CNS, inhibits the  Han et al. (2019)
activation of DCs, and induces tolerance

Atemisinin EAE Inhibits inflammatory Th1 and Th17 responses and transforms immune responsive Th1  Khakzad et al. (2017)
into Th2 cells

9,10-Anhydrodehydroartemisinin EAE Reduces the levels of CNS and peripheral immune system infitrating inflammatory cells ~ Lv et al. (2021)
Th1 and Th17

Artesunate EAE Inhibits the migration of pathogenic T cels into the CNS Thome et . (2016)

EAE, experimental autoimmune encephalomyelits; CPZ, cuprizone; Th, helper T cells; IL, interleukin; CD, cluster of diflerentiation; AMPK, adenosine monophosphate-activated protein
kinase; DCs, dendiitic cells; BONF, brain-derived neurotrophic factor; CNS, central nervous system; OPC, oligodenarocyte progenttor cel; NF200, neurofiament 200 kDa; APC, antigen-
prasenting cals: Olg2. algodandrocyte transcriotion factor-2: NGF, nerve growih factor.
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Product name

Rituximab

Laquinimod

Simvastatin

Ipiimumab

Ibudiast

Mycophenolate mofeti

Amilorice

Epigallocatechin-3-

gallate

Cannabinoids

Erythropoietin

Flupirtine

Lamotrigine

Riuzole

Fluoxetine

Oxcarbazepine

Clinical trials
(Phase)
"

n

m

Pharmacological actions and Mechanisms

CD20 monoclonal antibody; promotes the rapid extinction of B cells

Regulates pro-inflammatory or anti-inflammatory cytokines secretion by Thi and Th2 celss,
and increase of brain-derived neurotrophic factor

Inhibits MHG Il restricted antigen presentation, down-regulates T cel activation and
prolferation, and induces the transition from proinflammatory Th to Th2

Monocional antibody; effectively blocks the molecule of CTLA-4 and humanized antibody
targeting cytokine LINGO-1

Non-selective phosphodiesterase inhibitor; inhibits pro-inflammatory cytokines, promotes
neurotrophic factors, and weakens activated glil cells

Inhibits leukocyte apoptosis, weakens endothelal adhesion, and inhibits the migration of T
and B cells

Type-I acid-sensitive ion channel inhibitor; inhibits sodium and calcium influx into axonal and
oligodendrocytes cells and protects neurons and myelin sheath from damage

Inhibits brain inflammation, neuronal injury, T cell proliferation, and TNF-a secretion in
encephalitis

Cannabis receptor agonist; regulates the activation of cannabis receptors, resulting in a
significant reduction of inflammatory cytokines and promoting the induction of anti-
inflammatory cytokines

Reduces the secretion of pro-infiammatory factors, maintains the integrity of the BBB, and
increases the number of brain-derived nerotrophic factor positive cells and
oligodendrocytes

Activates inward rectifier potassium channels, plays a neuroprotective role and up-reguiates
Bol-2 to increase neuronal survival

Pressure-sensitive sodium channel antagonist; exerts neuroprotective effect by inhibiting
intracellular calcium accumulation

Inhibits the release of glutamate at the ends of nerves and reduces axonal injury

Inhibits the function of the Rho protein family, promotes myelin repair, and increases the level
of anti-inflammatory factor IL-10 in serum

A neuroprotective agent; inhibits microglial activity and neuronal sodium load

References
Zhong et al. (2020); Chisari et al.
(2021)

Jolivel et al. (2013); Lunder et al.
(2017)

Chataway et al. (2014)

Gerdes et al. (2016)

Fox et al. (2018); Naismith et al,
(2021)

Michel et al. (2014); Xiao et al
(2014)

Vergo et al. (2011)

Spagnuolo et al. (2018)

A-Ghezi et al. (2019)

Moransard et al. (2017); Gyetvai
etal. (2018)

Shirani et al. (2016)

Yang et al. (2015)

Chataway et al. (2020)

Mio (2015)

Cunniffe et al. (2021)

CD, cluster of differentiation; T, helper T cells; MHC, major histocompatibility complex; CTLA-4, cytotoxic T cellantigen-4; LINGO-1, leucine-rich repeat and immunoglobulin domain-
containing protein 1; TNF, tumor necrosis factor: BBB, blood-brain barrier: Rho, IL, interleukin.
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Product name

IFN-B-1b (Betaseron) Yu etal.
(2015)

IFN-B-1a (Avonex) Pavelek
et al. (2020)

Giatiramer acetate Song etal.
(2020)

Mitoxantrone Edan et al.
(2004); Bums et al. (2012)

IFN--1a (Rebif) Hupperts
etal. (2019)

Natalizumab Zhovtis Ryerson
et al. (2020)

Fingolimod Imeri et al. (2021)

Teriflunomide Buron et al.
(2021)

Tecfidera Naismith et al.
(2020a); Naismith et al
(2020b)

Alemtuzumab Gross et al.
(2016); Paterka et al. (2016)

Peginterferon beta- 1aMenge
et al. (2021)

Daclizumab Cohan (2016);
Gold et al. (2016)

Ocrelizumab Patel et al
(2021)

Cladribine Miravalle et al.
(2021)

Siponimod Spampinato et al
(2021)

Ozanimod Lamb (2020); US
Food and Drug
Administration (2020)

Dosage and
Administration

250 g iH. every 2 days

30 ug im. once a week

20 mg iH. once a day

4-12mg iv.gtt
every 3 mo

44 pg L H. every 3 wk

300 mg i.v. every 4 wk

500 g p.o. once a day

7 or 14 mg p.o. once
a day

240 mg p.o. twice a day

12 mg iv. once a day

125 g LH. every 2 wk

150 mg iH. once a
month

300 mg L.v. every 2 wk

10 mg p.o. (35 mgkg
cumulative dose

over 2yr)

250 g or 2 mg p.o. once
aday

250 g p.o. once a day

Pharmacological actions and Mechanisms

Activates the JAK/STAT pathway connected by
IFN receptor, resulting in transcriptional
changes in immune and anti-proliferative genes,
and reduces the migration of lymphocytes
across the BBB

Inhibits the prolferation of MBP-specific T cells
and their penetrating migration to the BEB,
reduces the production of pro-inflammatory
factors, and induces the increase of anti-
inflammatory factors

Competitively binds MHC | and Il molecules of
APC to block MBP specific T cell receptor,
inhibits T cell profferation, down-reguiates the
secretion of inflammatory cytokines, and up-
regulates the production of brain-derived
neurotrophic factor

Embeds into DNA base molecules to inhibit
DNA synthesis, inhibits the presentation of
antigens for T and B cells, reduces the secretion
of proinflammatory cytokines, such as TNF-a,
and enhances anti-inflammatory response

Promotes the balance of Th1 and Th2 cels,
reduces the secretion of proinfiammatory
cytokines, enhances the expression of inhibitory
cytokines, and reduces the entry of T cells into
the CNS through the BBB

Anti-a4 integrin monoclonal antibody; binds and
blocks the interaction between a4 integrin and
ligand and prevents lymphocytes from entering
the CNS through the BBB

S1P receptor modulator; protects and repairs
neurons through the BBB and prevents central
memory T cell subsets from migrating to

the CNS

Dihydroorotate dehydrogenase inhibitor:
reduces DNA synthesis, inhibits T and B cell
proiferation and production of cytokines, and
inhibits intercellular adhesion molecule
production

Regulates the levels of Nrf2 and glutathione in
T cels, activates antioxidant genes, and
promotes the transformation of Thi to Th2

CD52 monoclonal antibody; induces the
clearance of T and B cells and increases the
secretion of brain-derived neurotrophic factor

Reduces the expression of adhesion molecules
onthe surface of T cells, inhibits the activation of
T cells, and reduces the infitration of the CNS

D25 monocional antibody; inhibits IL-2
receptor signal transduction and T cell
activation and proiferation

Monocional antibodies against CD20 on
immature and mature B cels; removes CD20
positive B cells using CDC and ADCC

Nucleoside analogue; inhibits DNA synthesis
and DNA chain termination and cytotoxic to
lymphocytes and monocytes

S1P-1 receptor modulator; enters the brain and
NS of MS patients through the BBB, binds to
S1P receptor, promotes myelin regeneration,
prevents activation of harmful cells, delays
disabilty progression, and preserves cognitive
function

A novel S1P and dual subtypes of S1P1 and
S1P5 receptor modulators; enters the brainand
ONS through the BBB and binds to S1P
receptors to promote myelin regeneration,
prevents activation of harmful cells, delays
disability progression, and preserves cognitive
function in patients

Adverse reactions

Influenza-like syndrome, skin reaction at
injection site, headache, leukopenia, etc.

Influenza-ike syncrome, anemia, fever,
myalgia, weakness, etc.

Skin reaction at the injection site, palpitations,
dyspnea, chest pain, vasodlation, etc.

Intestinal reactions, alopecia, peripheral blood
leukopenia, abnormal liver function, etc.

Influenza-iike syndrome, skin reaction at the
injection site, myalgia, abdominal pain,
elevated ver enzymes, etc.

Headache, urinary tract infections, abdominal
pain, fatigue, joint pain, gastroenteritis, etc.

Systemic virus infection, headache, influenza,
gastrointestinal discomfort, abnormal fiver
function, angina pectoris

Dyspnea, renal failure, hypertension,
leukopenia, alopecia, etc.

Abdominal pain, diarrhea, nausea, skin itching,
rash, erythema, etc.

Rash, headache, fever, other autoimmune
diseases, etc.

Influenza-like symptoms, injection site reaction,
and deterioration of depression

Severe infections and skin reactions, abnormal
liver function, etc.

Skin reaction at the injection site, headache,
malignant tumor, etc.

Respiratory tract infection, headache,
lymphocytopenia, etc.

Increased blood pressure, decreased heart
rate, delayed atrioventriouiar conduction,
macular edema, respiratory and skin
infections, etc.

Respiratory tract infection, urinary tract
infection, transient diecrease of heart rate and
delayed atrioventricular conduction, elevated
blood pressure, etc.

Approved

2000

2003

2004

2010

2012

2013

2014

2014

2016

2017

2019

2019

2020

iH., subcutaneous injection; i.m., intramuscular injection; iv.gtt, intravenous drop infusion; iv., intravenous injection; p.., per os; IFN, interferon; BEB, blood-brain barrier; MBP, myelin-
basic protein; MHC, major histocompatibility complex; APC, antigen-presenting cells; TNF, tumor necrosis factor; Th, helper T cells; CNS, central nervous system; S1P, sphingosine-1-
phosphate; Nrf2, nuclear factor erythroid 2-related factor 2; IL, interleukin; CD, cluster of differentiation; CDC, complement-dependent cytotoxicity; ADCC, antibody dependent cellular

cytotoxicity.
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Case

R e st

Previous
therapy

Pegaspargase

Chemotherapy
Corticosteroids
Chemotherapy
Corticosteroids
N/A

Corticosteroids
Gorticosteroids
Gorticosteroids

Duration from
diagnosis
to ruxolitinib
(months)

4.00

37.03
33.53
39.00
0.27
19.87
0.13
0.83
1.33

Dosage of
ruxolitinib

10 mg twice dally

10 mg twice daily
10 mg twice daily
10 mg twice daily
10 mg twice dally
5 mg twice daily
10 mg twice dally
5 mg twice daily
5 mg twice dally

Response

<

<zZ<<<=<zZ=<

Continuing period in
remission (weeks)

73
5.1
101.0
56
34
294

89.7

Outcome

Relapse—chemotherapy +
EBV-CTL
Relapse—chemotherapy
Long-term remission
Alo-HSCT

Alo-HSCT
Relapse—chemotherapy

Long-term remission

Survival

Survival

Death
Survival
Survival
Survival
Death

Survival
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Case Gender Age

(years)
1 M 20
2 M 16
3 F ES
4 F 23

Symptoms.

Fever and
spjenomegaly
Fever,
splenomegaly, and
cytopenia
Splenomegaly,
e function
abnormaities, and
ymphadenopathy
Fever,
splenomegaly, and

wec
(+10%
B}

381

217

358

689

PLT
10
i)

162

74

194

187

AT
(O8]

216

%29

453

50.1

AT

wn

a3

EBV-
DNA
(PBMC,
copies/
mi)

23010°

550107

1.3010°

1.10'10°

EBV-
DNA
copies
in
sorted
B-cells
(cp19")

7710°

24410°

8910°

10107

EBV-DNA
copies
in sorted

0.410°

19'10¢

2710°

2210°

EBV-DNA  EBV- Organ

copies

DNA infiltration

insorted  copies (EBER+)
CD4+T-cells CD8:T-cells  in

3.210°

6510°

2910°

6210°

sorted
NK-
cells
(cDs6")
5710°
59110°  Skin
9610 Subcutaneous
nodues, lver,
and bone
marow
1810° -

(Continuad on following page)

Case

7

8

Gender

Age
(years)

‘Symptoms

fiver function
‘abnormaities
Lymphadenopathy
Fever,
splenomegaly, iver
function
abnormalites, and
ymphadenopathy
Splenomegaly and
lymphadenopathy
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miRNA Sample Disease Control Sample Expression  Sensitivity ~Specificity References

name type size states (%) (%)
miR-375 Plasma cac UG/ UG/UCD/CAC: 37/ 1 Patel et al. (2015)
uco 2/6

miR-21 Plasma CRC uc UC/CRC: 37/33 1 % 100 Anmed Hassan et al. (2020)
miR-92a Plasma CRC uc UC/CRC: 37/33 1 84 100 Ahmed Hassan etal. (2020)

Feces CRC HC CRC/HC: 29/29 f % 52 Choi et al. (2019)
Panel of (MiR-223/ Plasma, feces  CRC HC CRC/HC: 62/40 " o7 75 Chang et al. (2016)
miR-022)
miR-200b-3p Tissue ucp uc UCDAC: 1077 1 Lewis et al. (2017)
miR-144* Feces CRC HC CRC/HC: 29/29 1 79 67 Choi et al. (2019)

| indlcates inhibitioryredluction of miRNA expression in the condiition described in the corresponding "disease" and "sample type" item, while 1 indicates increase/promotion; CAC, colitis-
associated cancer: CRC, colorectal cancer: UC, ulcerative colitis: UCD, ulcerative colitis-associated dysplasia: HC, healthy control,
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miRNA Sample Disease Control Sample Expression  Sensitivity  Specificity References

name type size states (%) (%)
miR-223 Feces alBD iiBD alBD/iIBD: 30/15 i 80 93 Schonauen et al. (2018)
Feces auc HC aUC/HC: 10/15 T 90 87 Schénauen et al. (2018)
Serum auc iuc aUCAUC: 24/22 T 79 T2 Polytarchou et al. (2015b)
miR-21 Plasma auc IBSHC aUC/BS/HC: 37/ )| 88 92 Ahmed Hassan et al. (2020)
30/30
miR-92a Plasma auc IBSHC aUC/BSHC: 37/ T 88 100 Ahmed Hassan et al. (2020)
30/30
miR-4454 Serum auc iuc aUC/AUC: 24/22 T 70 68 Polytarchou et al. (2015b)
Panel of (miR-598/ Plasma uc CcD UC/CD: 21/12 " 72 86 Netz et al. (2017)
miR-642)
miR-23a-3p Serum auc iuc aUCAUC: 24/22 | 79 68 Polytarchou et al. (2015b)
miR-320e Serum auc iuc aUC/AUC: 24/22 : 67 67 Polytarchou et al. (2015b)
miR-16-2-3p Serum GR GS GR/GS: 37/39 1l 74 97 Luo et al. (2018)
miR-30e-3p Serum GR Gs GR/GS: 37/39 1 85 89 Luo et al. (2018)
miR-32-5p Serum GR GS GR/GS: 37/39 1 97 60 Luo et al. (2018)
miR-642a-5p Serum GR Gs GR/GS: 37/39 I 92 73 Luo et al. (2018)
Serum GR GS GR/GS: 37/39 i 67 97 Luo et al. (2018)
Serum GR Gs GR/GS: 37/39 1 90 97 Luo et al. (2018)

Lindlicates inhibition/recluction of miRNA expression in the condltion describedin the corresponding “disease”and *sample type* tem, while | indlicates increase/promotion; UC, ulcerative
colis; alBD, active inflammatory bowel diseases; ilBD, inactive inflammatory bowel diseases; aUC, active ulcerative colits; HC, healthy control; iUC, inactive ulcerative collts; IBS, iritable
bowel syndrome: CD, Crohn’s disease: GR, glucocorticoid-resistant: GS, glucocorticoid-sensitive.
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Genes

PTPN22 rs2476601

NRF2 rs4243387
MAFF rs2267373
NOS2A rs11080344

BACH1 rs2070401
MAFK rs4720833
XPO1 rs4430924

ERN1 rs199650082
lincRNA rs4842407

Drug

Amoxicilin-clavulanate

Anti-TB drugs
Anti-TB drugs
Isoniazid
Rifampicin
Isoniazid
Rifampicin
Isoniazid
Rifampicin
Anti-TB drugs
Efavirenz
Efavirenz

Method

GWAS

olc)
CGs
olc)

cGs
olc)
CGs

GWAS
GWAS

Cohort

1,806 cases, 10,397 P (European) Ciruli et al. (2019)
133 cases, 1,314 P (African-American)

109 cases, 718 P (Hispanic Americans) Ciruli et al. (2019)
314 cases, 628 P (Chinese) Chen et al. (2019)

314 cases, 628 P (Chinese) Chen et al. (2019)

18 cases, 82 T (Japanese) Nanashima et al. (2012)

18 cases, 82 T (Japanese) Nanashima et al. (2012)
18 cases, 82 T (Japanese) Nanashima et al. (2012)
314 cases, 628 T (Chinese) He et al. (2019)

21 cases, 234 T (African) Petros et al. (2017)
42 cases, 202 T (African) Petros et al. (2017)

OR

1.62
137

1362
0753
0.424
0162
3.162
1938

182
54

P

4x10°°
15x107°

0.038
0.025
0.043
0.018
0.037
0.039

14x10°
53x 107

95%Cl

1.32-1.98
1.21-1.56

1.017-1.824
0.587-0.965
0.182-0.988
1.577-166.387
1.033-9.686
1.035-3.628

7.1-46.9
28-103

OR, ods ratio; P, p value; 95%Cl, 95% confidence interval; C, medcation with adverse reactions; T, medication with no adverse reactions; PC, population control; U, unknown; Anti-TB
druge, Antituberculosis drugs.





OPS/images/fphar-12-707610/fphar-12-707610-g007.gif





OPS/images/fphar-12-707610/fphar-12-707610-g006.gif
| - e





OPS/images/fphar-12-648037/fphar-12-648037-t002.jpg
Id

GO:
0046982
GO:
0004175
GO:
0042578
GO:
0004252
GO:
0016791
GO:
0008236
GO:
0001085
GO:
0001076

Description

Protein heterodimerization activity
Endopeptidase activity

Phosphoric ester hydrolase activity
Serine-type endopeptidase activity
Phosphatase activity

Serine-type peptidase activity

RNA polymerase Il transcription factor binding

Transcription factor activity, RNA polymerase Il
transoription factor binding

Target genes

ADORA2A, TYR, RELA, VEGFA, BCL2, BCL2L1, FOS, BAX, JUN, TP53, IKBKG,
MCL1, ATF2, ADORA1, SMAD1, DRAP1

F2, DPP4, PLAU, CTSB, CASP9, MMP2, CASP3, CASP8, MMP1, MMP3, MMP10,
CASP1, KLK7, IGHG1, USP14

EPHX2, PTPNG, PTPN1, INPPL1, ENPP7, PTPN2, PTPRF, ACP1, PDE4D, ADORAT,

PPM1A, TAB1, PDE3B, DUSP6
F2, DPP4, PLAU, CTSB, MMP2, MMP1, MMP3, MMP10, KLK7, IGHG1

EPHX2, PTPN6, PTPN1, INPPL1, PTPN2, PTPRF, ACP1, PPM1A, TAB1, DUSP6
F2, DPP4, PLAU, CTSB, MMP2, MMP1, MMP3, MMP10, KLK7, IGHG1
STATS3, FOS, JUN, TP53, CREB1, ATF2, RUVBL1, EXOSC9, SPEN

FOS, JUN, TP53, CREB1, ATF2, RORC, NR1D2, CITED2, SPEN

Count

16

15

14

10

10

10
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Compound

Molecule ID
MW (g/mol)
AlogP
Hdon
Hacc

OB (%)
Caco-2
BBB

DL

FASA-
TPSA

RBN

Loganin

MOL007004
390.43
-208
5
10
59
-148
-226
0.44
0.24
155.14
5

Ursolic acid

MOL000511
456.78
6.47
2
3
16.77
067
0.07
0.75
026
57.53

MOL001683
406.43
-247
5
1
13.86
-2.01
-5.11
05
0.25
164.37
5

Paeoniflorin

MOL001924
480.51
-1.28
5
1
53.87
-1.47
-1.86
0.79
0.34
164.37
7

Albiflorin

MOL007004
480.51
-1.33
5
1
30.25
-1.52
-2.33
0.77
0.35
172.21
7
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ologics
FR255734

FR104

Bleselumab
KHK4083

Efalizumab

Alefacept

Siplizumab
PD-L1-Fc

Abatacept
(CTLA-4 Ig)

sGal-9

Fusion
Protein

mAb

Fusion
Protein
Fusion
Protein

Stable form
of galectin9

Targeting

CcD28

CcD28

CD40
OX40

LFA-1

CD2

CcD2
PD-1

CD80,
CD86

TIM-3

Stage

Preclinical

Preclinical

Phase |
Phase |
Approved
2003
Withdrawn
2009
Approved
2003
Preclinical

Preclinical

Phase Ill

Preclinical

Efficacy

Epidermis thickness|, inflammatory
infitration].

Skin erythemal,

Thickening and desquamation,

T lymphocytes and macrophages
infitration|.

Ineffective

PASI scores|

/

PASI scores |, effector memory
T cels|, activated denditic cels|,
inflammatory genes|.

Ineffective

Epidermis thickness|, disease

activity] |
Modest impact on psoriasis lesions,
significant improvement in PSA

Epidermal thickness| |,
inflammatory infiltration| |, disease
activity) |, STATS expression|

Adverse event

Transient elevations of liver
transaminase enzymes

Mild or moderate chills, infusion
site reactions

Progressive multfocal
leukoencephalopathy

Increased risk for serious
infection and autoimmune
disorders

/

Refs

Raychaudhur et al. (2008)

Poirier et al. (2016a)

Anil Kumar et al. (2018)
Papp et d. (2017)

(Kuschei et al., 2011; Hsu and
Tsai, 2020)

(Goedkoop et al., 2004;
Chamian et al., 2005, 2007;
Sugiyama et al., 2008)
(Bissonnette et al., 2009;
Langley et al,, 2010)

Kim et al. (2016)

(Mease et al., 2011, 2017;
Strand et al., 2018)

Niwa et al. (2009)
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Id Description Target genes Count

hsa05167  Kaposi sarcoma-associated herpesvirus RELA/STAT3/VEGFA/CCND1/FOS/BAX/CASPY/CDK4/JUN/ILE/CDKB/CASP3/TP53/MAPK8/ 22
infection PTGS2/IKBKG/CASP8/FGF2/ICAM1/CREB1/CSF2/EIF2AK2

hsa05163 Human cytomegalovirus infection RELA/STAT3/VEGFA/CCND1/BAX/CASP9/CDK4/TNF/IL6/CDK6/CASP3/TP53/PTGS2/IKBKG/ 22
(CASP8/IL1B/CREB1/PTGER3/PRKCG/ATF2/FASLG/MDM2

hsa05162 Measles RELA/STAT3/CCND1/BCL2/BCL2L1/FOS/BAX/CASP9/CDK4/JUN/IL6/CDKE/CASP3/TP53/ 21
MAPKB8/IKBKG/CASP8/IL 1B/CCND2/FASLG/EIF2AK2

hsa05169  Epstein-Barr virus infection RELA/STAT3/CCND1/BCL2/BAX/CASPI/CDK4/TNF/JUN/ILE/CDKE/CASP3/TPS3/MAPKE/IKBKG/ 21
‘CASP8/ICAM1/CCND2/EIF2AK2/MDM2/TAB1

hsa04151  PIBK-Akt signaling pathway RELAVEGFA/CCND1/BCL2/BCL2L1/CASPY/CDK4/IL6/CDK6/TP53/IKBKG/FGF2/CREB1/MCL1/ 21
ATF2/NOS3/CCND2/FASLG/HSPI0AAT/FGF1/MDM2

hsa05161  Hepatitis B RELA/STAT3/BCL2/FOS/BAX/CASPY/TNF/JUN/IL6/CASP3/TP53/MAPKS/IKBKG/CASPS/CREB1/ 20
PRKCG/ATF2/BIRCS/FASLG/TAB1

hsa04010  MAPK signaling pathway RELANVEGFA/FOS/TNF/JUN/CASP3/TP53/MAPK8/IKBKG/F GF2/IL1 B/PRKCG/ATF2/MAPK8IP2/ 20
FASLG/CD14/FGF1/PPM1A/TAB1/DUSP6

hsa04668 TNF signaling pathway RELA/FOS/TNF/JUN/ILE/CASP3/MAPKE/PTGS2/IKBKG/CASPS/MMP3/ICAM1/IL1B/CREB1/ 18
SELE/ATF2/CSF2/TAB1

hsa05203  Viral carcinogenesis RELA/STAT3/CCND1/BAX/CDK4/JUN/CDK6/CASP3/TP53/IKBKG/CASP8/CREB1/ATF2/CCND2/ 18
POLB/EIF2AK2/MDM2/GSN

hsa05166  Human T-cell leukemia virus 1 infection RELA/CCND1/BCL2L1/FOS/BAX/CDK4/TNF/JUN/ILG/TP53/MAPK8/IKBKG/ICAM1/CREB 1/ATF2/ 18
(CSF2/CCND2/POLB
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GEO datasets

GSE55235
GSE55457
GSE77298
GSE1530156
GSE39340
GSE55584
GSE89408

Platform

GPL96
GPL96
GPL570
GPL570
GPL10658
GPL96
GPL11154

Samples

Normal 0A
10 10
10 10
7 0
[ 4
0 7
0 6
28 22

RA

10
13
16
10
10
10
152

Data category

Expression profiing by array
Expression profiing by array
Expression profiing by array
Expression profiing by array
Expression profiing by array
Expression profiing by array
Expression profiing by high-throughput sequencing

Application

Analysis
Analysis
Analysis
Analysis
Verification
Verification
Verification
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Model

BV2/SH-SY5Y
BV2/N2A
b.End3/C8-DI1A
Neurons/Microglia
PSC-PFP-pericytes/
PSC-GFP-BMECS
HT22/U251
Astrocyte/CD3+ T
lymphocyte
Microglia/Astrocytes
Neurons/SIM-A9
N11/N2A/MVEC(B3)

3D BBB microvascular
network

3D neuro-spheroids

Cell
type(s) & source

Mouse microgla cel lines/Human neuroblastoma cell
lines/Mouse neuroblastoma cell lines

Mouse brain microvascular endothelial/Mouse brain
astrocyte

Primary cortical neurons/Mouse brain mixed glial cell

BC1 and BC1-GFP hiPSC lines
Hippocampal neuronal HT22/Astrocytoma U251 cells

Primary human fetal astrocyte cultures/Human blood
of healthy donors
Mouse primary microglia and astrocytes

Primary cortical and cerebellar neurons/immortalized
mouse microgla cels

Murine microglial cells (N11)/Mouse neuroblastoma
Nuro2A cell lines/Brain microvascular endothelial
MVEC(B3) cels

iPSC-endothelial cells/iPSC-brain pericytes/iPSC-
astrocytes

Neuron (Neuy/astrocyte (AG)/microglia (MG)
differentiation from human neural progenitor ells
(NPCs)

Multicellular 3D neurovascular unit organoid
containing human brain microvascular endothelial
cells, pericytes, astrocytes, microglia,
oligodendrocytes and neurons

Composition (e.g., neurons, astrocytes, and
microgla), and environmental components (e.g.,
amyloid-p aggregates)

Objectives

Simulation the proinflammatory status of
microgia

A dual-layer BBB was formed in the porous.
model of flowing cell suspension

Stimulation the mimic chronic
neuroinflammation conditions

The effects of in vitro platforms with varied
spatial orientations and levels of cell-cell contact
The effects of inflammation, oxidative Stress,
and neuron death

Stimulation of the changes observed in animals

Experiments investigating the effect of LPS-
induced mimic inflammatory conditions
Evaluation the role of microglia in
neurodegeneration

An experimentally flexible tri-culture
neuroinflammation model stimulated with LPS

Via vasculogeness to acourately replicate the in
vivo neurovascular organization

Study of human microgiia recruitment,
neurainflammatory response and neuron/
astrocyte damages

Model the effects of hypoxia and
neuroinflammation on BBB function

Construction of 3D cell culture and
microenvironments.

References

Liu et al. (2019b)
Booth and Kim, (2012)

Tu et al. (2019); Yin et al. (2020a)
Jamieson et al. (2019)

Liu et al. (2019)

Horng et al. (2017)

Mutemberezi et al. (2018); Dambach
etal. (2014)

Zhang et al. (2018a)

Zheng et al. (2021)

Campisi et al. (2018); Park et .

(2018); (Bergmann et al. (2018); Nzou
etal. (2020)

Siméo et al. (2018); Cai et al. (2020)
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Nanoformulation

Liposomes
Ethosomes
Niosomes.
Lipospheres
SLNs

NLCs
Nanoemuisions
Nanocrystals

Advantages

Biocompatible, ease of surface modification and can improve the drug retention in the skin
Can target deep skin layers, show excellent flexibiity and deformalbility

Can increase the residence time of drugs in the SC and epidermis

Can release slowly, and show good skin compatibilty

Biodegradable and biocompatible

Higher drug loading capacity and stabiliy compared to SLNs

Blastic properties and fuid performance

High drug loading capacity

Disadvantage

Rapid drug leakage, large size
Risk of organic solvent residue
Physical instabilty

Physical and chemical instabilty
Physical instabilty, rapid drug leakage
Usage of expensive instruments
Difficult to be surface-modified
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Nanoformulation

Liposomes

Ethosomes

Niosomes

NLCs

Nanoemulsions

Dendrimers

Category

Alkaloids

Phenyipropanoids

Phenylpropanoids

Alkaloids

Phenyipropanoids

Terpenoids

Terpenoids

Terpenoids

Phenylpropanoids

Organic acids

Phenylpropanoids

Drug

Capsaicin

Psoralen

8

Methoxypsoralen

Pentoxifyline

Curcumin

Thymol

Tripterine

Paclitaxel

8
Methoxypsoralen
Salicylc acid

8
Methoxypsoralene

Drug limitations

Initating, burning
effects on the skin

Poor permeability

Gastrointestinal
adverse effects and a
higher risk of severe
complications

Poor permeability

Highly hydrophobic
molecule with low
water solubilty

High volatiity and can
also decompose due
to heat, humidity,
oxygen, or light
Long-term oral
administration of TRI
can lead to toxicity on
renal and reproductive
systems

Poor solubilty and
permeabilty

Poor permeability
Poor aqueous

solubility and instabiity

Gastrointestinal side
effects and
compications

Preparation
method

The thin-film
hydration method

The injection
ultrasonic
combination
method

The thin fim
hydration method

The thin lipid film-
based
microwave-
assisted rapid
technique

The hot
emuisification
method

The sonication
method

The emuisification
evaporation
method

Low energy
emulsification
methods
High-energy
method
Low-energy,
spontaneous
emusification
method

The divergent
method

Therapy

Topical
application

Topical
applcation

Psoralen
ultraviolet a
(PUVA)
therapy
Topical
applcation

Topical
application

Topical
application

Topical
application

Dermal/Oral
delvery

Topical
application
Topical

application

Topical
application

Remark

Reduced the side
effects of the drug and
increased the
therapeutic efficacy
Enhanced cutaneous
absorption of drugs and
permeabilty

Promoted penetration
and accumulation of
8-Methoxypsoralen

Enhanced anti-
inflammatory potential

Improved permeation
and skin retention,
showed no toxicity
toward keratinocyte
cells

Enhanced anti-
inflammatory potential

Revealed the sustained
release characteristics,
showed great stabiity
and biocompatibiity

Enhanced absolute and
per oral bioavalabiity

Enhanced retention in
viable skin

Improved anti-
inflammatory action

Enhanced skin
permeation and
concentration of
8-Methoxypsoralen in
epidermis and dermis

References

Gupta et al.
(2016)

Zhang et al.
(2014b)

Kassem et al.
(2017)

Ghate et al.
(2019)

Rapalii et al.
(2020)

Pivetta et al.
(2018)

Kang et al.
(2019)

Oliveira et al.

(2018)
Khandavili and

Panchagnula.
(2007)

Borowska et al.
(2012)
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Natural compound

Indirubin

Cannabinoids

Rutaecarpine
Isocamptothecin
Acridones
Phytosphingosine

derivatives
Oxymatrine

Oxymatrine

Oxymatrine

Experimental model

IMQ induced BALB/c mice/
Primary human epidermal
keratinocytes

Keratinocytes

IMQ induced BALB/c mice
HaCaT cells

HaCaT keratinocytes
IL-23-induced C57BL/6
mouse

Patients with psoriasis

IMQ induced C57BL/6
mice/HaCaTs cells

Patients with severe plaque
psoriasis

Therapy

Subcutaneously
given

Topical
application

Topical
application
Intravenous drip

Intraperitoneal
injected

Intravenous

Dose

50 mgkg

51 pg/mi

069

dally

15 mg/kg

069
dally

Dosage form

Cream

Solution

Solution
(dissolved in
sterlle saline)
Solution

Mechanism of
action

Increased the level of CD274 in epidermal
keratinocytes and alleviated the symptom
of psoriasis-ike mice depending on
cp2r4

Inhibited keratinocyte proiferation

Inhibited the NF-kB and TLR-7 pathways

Downregulated the telomerase activity of
HaCaT cells

Inhibited human keratinocyte growth
Inhibited NF-xB, JAK/STAT, and MAPK
signaiing

Inhibited the proiferation of epidermal
cellsin the skin lesion and increased Bcl-2
expression and decreased TUNEL-
positive cells

Inhibited the expression of Hsp90 and
Hsp60 in keratinocytes through the
MAPK signaling pathway

References

Xue et al. (2018)

Wikinson and
Wiliamson.
(2007)

Lietal. (2019b)
Lin et al. (2008)

Putic et al. (2010)
Kim et al. (2014)

Shi et al. (2019)

Xiang et al. (2020)

Zhouet al. (2017)
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Severe Whole colon Muscularis mucosae 3
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Natural compound Experimental model Therapy Dose Dosage form Mechanism of References

action
Andrographolice IMQ-induced C57/BL6 mice  Oral 5mg/kg - Reduced expression of IL-23 and IL-  Shao et al.
administration 1B in the skin (2016)
Artesunate IMQ-induced BALB/c mice Intraperitoneally 60 mg/kg b Inhibited the expression of y8 T cells  Huang et al.
injected in draining lymph nodes (2019)
Cycioastragenol IMQ-induced C57BL/6 mice ~ Oral 25 mg/kg - Selectively modulated macrophage  Deng et al.
administration function by inhibiting (2019)
NLRP3 inflammasome-mediated
pyroptosis
3.6, 16p-trinydroxylup-  12-O-tetradecanoylphorbol-  Topical 0656 ymol/ ~ Solution Activated corticosteroid receptors  Horinouchi
20 (29)-ene acetate induced swiss mice/  application ear (dissolved in etal. (2017)
HaCaT cells 20 L of
ethanol-acetone
(1)
Celastrol Human HaCaT keratinocytes - 22uM Solution Inhibited the NF-kB activity Zhou et al
(dissolved in (2011)
DMSO)
Dehydrocostusiactone  Human keratinocytes - 12.5 uM - Counteracted the proinflammatory  Bachmann
and costunolide effects of IFN-y and IL-22 on etal (2014)
keratinocytes and reverted the
apoptosis-resistant phenotype
Paconifiorin IMQ-induced C57BL/6 mice  Oral 120mg/kg  Solution Regulated T17 cell response and  Zhao et al
administration (dissolved in cytokine secretion via (2016)

normal saline)  phosphorylation of STAT3
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Natural
compound

Isopsoralen

Psoralen

Psoralen

8-
Methoxypsoralen

5
Methoxypsoralen

Curcumin

Curcumin

Curcumin

Curcumin

Curcumin

Resveratrol

Resveratrol

Resveratrol

Experimental
model

IMQ-induced BALB/
¢ mice

Patients with
plaque-type
psoriasis

Patients (psoriasis
area and severity
index score of 8-15)
Inpatients with
psoriasis wigaffs

K5.HTGF-B1

transgenic mice

HaCaT cells

HaCaT cells

IMQ-induced BALB/
c mice

HaCaT cells

TNF-a-treated
HaCaT cells

IMQ-induced BALB/
c/AnNTac mice

HaCaT cells

Normal human
epidermal
keratinocyte

Therapy

Topical
applcation
oral
administration

Topical
application

Oral
administration

Topical
appiication

Phototherapy

Phototherapy

Topical
application

Oral
administration

Dose

0.03 mg/om?

25 mg/m?
(based on body
surface ared)

0.6 mg/kg

0.2-1 ug/mi

1.25-3.12 yM

50 mg/em?

50 M

7.37 ug/mi

400 mg/kg

50 M

40uM

Dosage form

Solution (dissolved in
PEGA400/pHT.4 buffer (1:4)

Cream

Tincture

Solution (dissolved in
DMSO)

Solution (dissolved in
DMSO)

Gel (curcumin
hydroxypropylcellulose ge)

Solution (dissolved in 50%
propylene glycol PBS
solutior)

Mechanism of
action

Downregulated the
expression of IL-6

Suppressed the migrational
activity of circulating
neutrophils and monocytes
and reduced the chemotactic
activity in the epidermis
Suppressed the IL-23/Th17
pathway, Th1 milieu,
transcription factors STAT3
and orphan nuclear receptor
RORGgt and induced the Th2
pathway and IL-
10-producing CD4* CD25 *
Foxp3 + tregs

Increased fragmented cell
nucle, the release of
cytochrome ¢ from
mitochondia, activated
caspase-9 and caspase-8,
inhibited NF-kB activity, and
inhibited extracellular
regulated kinases 1/2 and
protein kinase B

Inhibited NF-kB activity and
activated caspase-8 and
caspase-9 while presenving
the cell membrane integrity
and downreguiated the
phosphorylation level of Akt
and ERK

Decreased the mRNA levels
of IL-17A, ILA7F, IL-22, IL-
1B, IL-6, and TNF-a and
downregulated IL-17A/IL-22
production

Downregulated the
expression of IL-17, IL-6,
TNF-a, and IFN-y and up-
reguiated the expression of
involucrin and flaggrin
Upregulated the expression of
TRAIL-R1/R2 and inhibited
the TNF-a-induced
production of IL-6/IL-8 in
HaCaT cells

Increased the expression of
RXR and decreased the
expression of IL-17
dependent pathways, IL-17A,
IL-17F, and IL-19

Inhibited the Akt pathways by
inducing Sirt1
Downregulated the
expression of AGP3 via an
SIRT1/ARNT/ERK-
dependent manner

References

Aalaiwe et al. (2018)

de Berker et al. (1997)

Grundmann-Kollmann
et al. (2004)

Termowitz. (1987)

Singh et al. (2010)

Duijc et al. (2007)

Niu et al. (2015)

Tanowitz et al. (2013)

Varma et al. (2017)

Sun et al. (2012)

Bobé et al. (2015)

Lee et dl. (2016)

Wu et al. (2014)
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Natural compound

Amentofiavone

Epigallocatechin-3-
gallate

Cyanidin

Astilbin

Quercitrin

Quercetin

Naringenin

Glabridin

Hesperidin

Hispidulin

Luteolin

Taxifolin

Proanthocyanidin

Delphinidin

Delphinidin

Delphinidin

Rhododendrin

Baicalein

Genistein

Experimental model

IMQ-induced BALB/c mice/M5
(a cocktail of cytokines)-treated
HaCaT cells

IMQ-induced BALB/c mice

Primary human keratinocytes

IMQ-induced BALB/c mice

IMQ-induced C57BL/6 mice

IMQ-induced BALBY/c mice

IMQ-induced BALB/CMQ-
stimulated keratinocytes

IMQ-induced BALB/c mice/
HaCaT cells

IMQ-induced BALB/c mice/
LPS-stimulated HaCaT cells

IMQ-induced C57BL/6 J mice/
Activated keratinocytes

TNF-triggered human
keratinocytes

IMQ-induced BALB/c mice/
LPS-induced HaCaT cells
IMQ-induced BALBY/c mice

Normal human epidermal
keratinocytes (NHEKs)

Full-thickness three-dimensional
reconstituted human skin

Flaky skin mice (fsn/fsn)

IMQ-induced C57BL/6 mice/
normal human epidermal
keratinocytes

HaCaT keratinocytes

HaCaT cells

Therapy

Oral
administration

Topical
applcation

Oral
administration

Oral
administration

Oral
administration

Topical
applcation

Topical
applcation

Oral
administration

Oral
administration

Oral
administration
Topical
applcation

Topical
applcation

Topical
appiication

Dose

25 mg/kg

204M

50 mgkg

50 mg/kg

120 mg/kg

10 mgkg

125 mg/kg

0.1 mg/kg

10 M

40 mg/kg

200 mg/kg

10-40 uM

20uM

05mg/
o

20mM

10 M

Dosage form

Solution (glycerin
solvent: 50%
glycerin, 50%
normal saiine)

Solution (dissolved
in DMSO, then
diluted in normal
saline)

Solution (dissolved
vehicle [Ethanol:
Normal saline:
Tween-80: Peanut
oil = 12:23:5:60,
VM)

Suspersiors
(resuspended in
0.5% caiboxy-methyl
celubse sodum)

Solution (dissolved
in butanediol)

Solution (dissolved
in pure water)

Solution (dissolved
in DMSO)

Solution (dissolved
in distiled water)

Solution (dissolved
in DMSO)

Solution (dissolved
in DMSO)

Solution (dissolved
in DMSO)

Mechanism of action

Inhibited the increase of
expression of cyclin D1,
cyclin E, IL-17A, and IL-22,
suppressed the expression
of NF-xkB

Reduced the expression of
epidermal PCNA, promoted
the expression of
caspase-14

Upregulated expression of
all five LCES genes
Ameliorated elevations in
circulating CD4* and CD8"
T cells and inflammatory
cytokines (L-17A, TNF-q, IL-
6, IFN-y, and IL-2)
Lowered the expression of
cytokines related to
psoriasis, especially those
on the IL-23/Th17 axis,
inhibited the Th17 cel
response regulated by the
JAK/STAT signaling
pathway

Downreguated the expression
of NF«B, IKKa, NIK, and ReB
and up-reguiated the
expression of TRAFS
Suppressed IL-6 over
expression to baseline
control

Inhibited the expression of
IL-6, IL-1B, IL-17A, TNF-a,
1L-22, and IL-23 and CCL2
Modulated the secretion
levels of serum leptin,
adiponectin, and resistinand
inhibited the activation of the
IRS-1/erk1/2

Alleviated pathologically
increased levels of
immunoglobuiin G2a,
myeloperoxidase, and TNF-
a, splenic, reduced Th1 and
Th17 cell populations, and
inhibited gene expression of
Th1- and Th17-associated
cytokines and chemokines,
and phosphorylation of
mitogen-activated protein
kinases and NF-xB
Inhibited the production of
inflammatory mediators IL-6,
IL-8, and VEGF

Inhibited Notch1 and JAK2/
STATS signal pathways
Decreased inflammatory cell
infiltration and
downregulated expression
of the psoriasis-associated
genes IL17a, IL22, S100a9,
and Krt1 and inhibited
arachidonate 5-
lipoxygenase

Enhanced conification and
increased the protein
expression of cornification
markers, including caspase-
14 and keratin 1

Induced the mRNA and
protein expression of
markers of differentiation
(caspase-14, filaggrin,
loricrin, and involucrin)
Reduced pathological
markers of psoriasiform
lesions, infittration of
inflammatory cells, and the
mRNA and protein
expression of inflammatory
cytokines

Reduced inflammatory
mononuclear cell inftration
and the expression of pro-
inflammatory mediators and
inhibited the activation of the
TLR-7/NF-kB and mitogen-
activated protein kinase
pathways

Increased expression of
Keratins 1 and 10 (K1/K10)
and increased the
phosphorylation of ERK,
AKt, and p38 MAPK.
Suppressed ROS activation
and reduced the RNA and
protein level of cytokine (IL-
8, IL-20, and CCL2)

References

An et al. (2016)

Zhang et al. (2016)

Austin et al. (2014)

Di et al. (2016)

Chen et al. (2017¢)

Chen et al. (2017a)

Malaiwe et al. (2020)

Li et al. (20182)

Ui etal. (2019)

Kim et al. (2020)

Weng et al. (2014)

Yuan et al. (2020)

Toda et al. (2020)

Chamcheu et al. (2013)

Chamcheu et al. (2015)

Pal et al. (2015)

Jeon et al. (2017)

Huang et al. (2016)

Amodio et al. (2018)
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Number

Gene name

ABCB1
ABCC1
ABCC2
ADORA1
ADRB2
AKT1
ALOX5
APEX1
BCL2
CAd
CASP3
CASP8
CAT
CCL2
CCR4
CRYAB
CTSK
CXCR1
CYP1A1
CYP1B1
CYP2C19
CyP2C8
CYP2C9
CYP3A4
DHCR24
DRD2
EGF
EGFR
ELANE
EPHX1
F2

F3

FLT3
G6PD
GuAt

Number

36
a7
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70

Gene name

GSR
GSTM1
GSTP1
HMGCR
HMOX1
HSD11B1
HSP90AA1
HTR2B
ICAM1
IFNG
IGF1R
LB

2

L6

INS
INSR
JAK1
JAK2
JUN
KDR
MAPK1
MAPK14
MET
MMP1
MMP12
MMP2
MMP3
MMP9
MPO
MYLK
NOS2
NOX4
NR3C1
NR3C2
P2RX7

Number

4l
72
73
74
75
6
7
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101

Gene name

PARP1
PDE4D
PDESA
PLAT
PLAU
PPARA
PPARG
PRKCD
PRSS1
PTGS1
PTGS2
RB1
SCNSA
SELE
SERPINAG
SIGMAR1
SLC37A4
SLCeA4
SOD1
SRC
TERT
THBD
TLR2
TNF
TOP1
TPS3
TR
TYR
VCAM1
VDR
VEGFA
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Name MoL Formula Mw TPSA Silicos- Silicos-IT Gl absorption  Lipinski  Bioavailability Synthetic

T class score accessibility
LogSw

Hyperoside MOL004368  CpiHxOy2  464.38 21051 -1.51 Soluble Low .3 017 532
Quercetin MOLOO00S8  CygHiO; 80224 13136 -324  Soluble High 0 055 323
Rutin MOL000415  Cp7HagOys 61052  269.43 .29 Soluble Low 3 017 6.52
Heriguard MOL001955 CigH180g 354.31 164.75 0.4 Soluble Low 1 o1 416
Houttuynin MOL004359 C12H2202 198.3 34.14 -3.81 Soluble High 0 0.55 1.76
2- MOL000924  CyiHp:O 17029  17.07  -383  Soluble High 0 055 172
Undecanone

soquercitrin  MOLO02051 ~ CpHhOro 46438 21051  -1.51  Soludle Low 2 047 531
Quercitrin MOLO0O7O1  CpiHxgOyy 44838 19028 -208  Soluble Low 2 017 528
p-Stigmasterol  MOLOOO359 ~ CogHs® 41471 2028 -6.19  Poorly Low 1 055 63

soluble
Myrcene MOL000197 CiotHhs 136.23 0 -2.42 Soluble Low 0 0.55 285
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Binding energy (kcal/mol)

Target Structure Loganin Ursolic acid Morroniside Paeoniflorin Albiflorin
IL1B 1T4Q -6.6 -17 -6.9 -6.7 -6.8
L6 e -6.6 -78 =68 -72 =F
VEGFA 1KAT -6.8 -17 -6.3 -76 -73
TNF 1AM -6.5 -78 ~&f -72 5
STAT3 BNJS 74 -8.2 -72 =72 7.4
FOS 1G2E -17 -71 T4 74
TP53 BMXZ -6.8 -75 -6.3 7.4 -6.5
LGALS3 4BL1 -8.2 -86 -8.8 -84 -8.3

Nota: Grey celie with values i bald comaspond fo the compound-target relationship predicied in Figure 8.
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Species
Mus musculus
Mus musculus
Mus musculus

Mus musculus

Gene

Inb
Cxclt

Cxcl2

gapah

Accession NO.

NM_008361.3

NM_008176.3

NM_009140.2

NM_008084.2

Primer sequence 5'-3'

F: TCTTTGAAGAAGAGCCCATCC
R: CTAATGGGAACGTCACACAC
F: AGCCACACTCAAGAATGGTC
R: GCCATCAGAGCAGTCTGTC
F: CCAACCACCAGGCTACAGG
R: GCGTCACACTCAAGCTCTG

F: CTTGTGCAGTGCCAGCC

R: GCCCAATACGGCCAAATCC
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Compound/gene name  Degrees. Targeted by

Loganin 19
Ursolic acid 74
Paonifiorin 24
Morroniside 21
Aliflorin 20
LGALS3 3 Morroniside, pagonifiorin, albifiorin
LGALS9 3 Morroniside, paeonifiorin, albiflorin
ADORAZA 3 Loganin, morroniside, albiflorin
IGHG1 3 Loganin, morroniside, albifforin
HSPI0AAT 2 Paconiflorin, albifiorin
HNRNPR 2 Paconiflorin, albifiorin
cLIC2 2 Morroniside, albiflorin
CA2 2 Loganin, morroniside
CA1 2 Loganin, morroniside
CA12 2 Loganin, morroniside
CA14 2 Loganin, morroniside
CA9 2 Loganin, morroniside
IMPDH2 2 Loganin, morroniside
KLK7 2 Loganin, morroniside
USP14 2 Loganin, morroniside
TRIP10 2 Loganin, morroniside
GBP1 2 Loganin, paeonifiorin
DPP4 2 Ursolic acid, morroniside
TNF 2 Ursolic acid, paeonifiorin
L6 2 Ursolic acid, paeonifiorin
VEGFA 2 Ursolic acid, paeonifiorin
2

FGF2 Ursolic acid, paeonifiorin
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Species
Mus musculus
Mus musculus
Mus musculus

Mus musculus

Gene

P2ix7
b
Caspt

gapah

Accession NO.

NM_001038839.2

NM_008361.3

NM_009807.2

NM_008084.2

Primer sequence 5'-3'

F: CGAATTATGGCACCGTCAAGT
R: TTCTCCGTCACCTCTGCTATG
F: GTACATCAGCACCTCACAAG

R: CACAGGCTCTCTTTGAACAG

F: ACATCCTTCATCCTCAGAAAC
R: GATAATGAGGGCAAGACGTG
F: CTTGTGCAGTGCCAGCC

R: GCCCAATACGGCCAAATCC
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Day

Monday
Tuesday
Wednesday
Thursday
Friday
Saturday
Sunday

Stressors

Isolation 24 h (one rat per cage); cage it 45'overnight

Tail pinch 3 min; Crowding overnight (15 rats per cage)

Electric shock 3 min (0.8 mA); water deprivation 12 h

White noise 1 h (110 dB); strobe flash 2 h

Swim stress 10°C, 5 min; shaker stress 1 h (160 rpm)

Restraint stress 4 h; reversal of the light/dark cycle (ight off 12 h and light on overnight)
Food deprivation 12 h; wet bedding overight





OPS/images/fphar-12-676817/fphar-12-676817-g001.gif





OPS/images/fphar-12-709019/fphar-12-709019-g011.gif





OPS/images/fphar-12-676817/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-709019/fphar-12-709019-g010.gif
< Caspase-1

il
s

F s

o






OPS/images/fphar-12-676239/fphar-12-676239-t003.jpg
Targeted
dopamine
receptor

D1-like receptor

D2-like receptor
D1-like receptor
D2-like receptor
D1-like receptor
D2-like receptor

D-ike receptor

D2-ike receptor

D1-like receptor

D2-like receptor

Agents

SCH23390

Pramipexole

SKF33393
SCH23390
Quinpirole

Haloperidol
SKF38393
SCH23390
Quinpirole

Heloperidol

SKF38393
SCH23390
Pramipexole ropinirole
bromocriptine

Activation
or
ition

int

Antagonist

Agonist
Agonist
Agonist

Agonist
Antagonist
Agonist
Antagonist
Agonist
Antagonist
Agonist
Antagonist

Agonist
Antagonist

Agonist

Cellular responses

Inhibition of osteoclast differentiation and suppression
the pathology of CIA and RA in animal model

Inhibition of osteoclast differentiation and function

No effect on osteoclast differentiation

Inhibition of LPS-induced osteoclast differentiation and
function

No effect on osteoclast differentiation

No effect on osteoclast differentiation

Inhibition of osteoclast differentiation and function
Reduction of dopamine inhibition of osteoclast function
No effect on osteoclast differentiation

Inhibition of osteoclastogenesis mediated signaling
Negates the inhibitory effect of dopamine on
osteoclastogenesis

No effect on osteoclast differentiation

Inhibition of osteoclast function

Cell populations

Mouse bone
marrow~derived
macrophage
Human monocytes

Human PBMC monocytes

Mouse bone
marrow-derived monocytes

Mouse monocytes (RAW
264.7)

Mouse bone
marrow-derived monocytes

References

Nakashioya et al
(2011)

Hanami et al.
(20130)

Hanami et al.
(2013a)

Yang et al. (2016)

Wangetal. (2021)

Handa et al.
(2019)
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Drug Clinical
use

MAO-A Inhibitors
Moclobemide ADP

Moclobemide ADP

Clorgyline ADP

MAO-B Inhibitors

Pargyline ADP
L-deprenyl PD
L-deprenyl PD
L-depreny! PD
Rasagiine PD
Rasagiine PD
Rasagiine PD

MAO-A and B Inhibitors
Phenelzine ADP

Phenelzine ADP

Tranylcypromine  ADP

Nialanide ADP
Ladostigil ADP,
PD, AD

Cell population

Rat glial cell

Human whole blood

Mouse bone stromal cells

Mouse renal tissue

Rat periodontal epithelial
cells

Human bronchial epithelial
cells

Rat BAL

Rat brain homogenate
Murine N9 microgiia cells

Mouse bone marrow-
derived macrophages

Rat periodontal epithelial
cels

Mouse primary and
microglial cel ne

Rat brain different region

Mouse brain cortex cells
Rat microglial Cells

Rat partial cortex

Stimuli

LPS

LPS + PHA
Unstimulated
Unstimulated
Tumor cell
injection

VRand
cyclosporin
LPS

CsM

cs

Rotenone-
induced PD
DU
deficiency DV
LPS/ATP

LPS

LPS

LPS

LPS

Cytokines and
chemokines

TNF-a
IL-1p
IL-10

L8

TNF-a

L6

TNF-a
IL-1p
TNF-a

IL-8

CINC-1
MCP-1
IL-6
IL-10
TNF-a

L6
IL-1p
IL-1p

TNF-a

TNF-a
IL-6
IL-1p
IL-6
TNF-a
IFN-y
TNF-a
TNF-a
IL-1p
TNF-a
IL-1p
IL-6

Protein
change %"

27-33 1
2142 |
41-67 |

54
18-60 |

24|
33|
501
681

30
29|
54 |

70

67-83 1
33431
85-90 |
75-90 |
35-52 |
80-94 |
55
45|

mRNA
change %°

601
52

40

50
45

651

Reduced to
control

30
351
53|
28]
a7

References

Bielecka et al. (2010)

Lin et al. (2000)

Wu et al. (2017)

Chaaya et al. (2011)
Ekuni et al. (2009)
Cui et al. (2017)

Cui et al. (2020)

Fernandez et al. (2011)
Trudler et al. (2014)

Sanchez-Rodriguez et al.
(2020)

Ekuni et al. (2009)
Chung et al. (2012)

Tomaz et al. (2020)

Liu et al. (2020)
Panarsky et al. (2012)

AD: Alzheimer's disease; ADP: antidepressant; ATP: adenosine triphosphate; BAL: bronchoalveolr lavage; CINC-1: cytokine-induced neutrophil chemoattractant; CS: cigarette smoke;
CSM: cigarette smoking medium; DV: dopamine vulnerabilty; /R: ischeria/reperfusion; LPS: lipopolysaccharice; MAO: monoarmine oxidase; MCP-1: monocyte chemoattractant protein
1; PD: Parkinson's disease; PHA: phytohemagglutinin

Sastimated change
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Drug

imeversible MAO inhibitors
Clorgyline
I-Deprenyl (selegiline)
Iproniazid
Isocarboxazid
Ladostigi
Nialamide
Phenelzine
Pargyline
Rasagiine
Tranyleypromine
Reversible MAO inhibitors
Bifemelane
Mocloberride

MAO selectivity

A

B

AandB

AandB

Aand B (brain selective)
AandB

AandB

B

B

AandB

Aand B

Clinical indication(s)

Depression
Parkinson’s

Depression

Depression

Depression, Parkinson's, and Alzheimer's
Depression

Depression

Hypertension (discontinued)

Parkinson’s

Depression

Antidepressant, depression, and dementia
Depression
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Genes

GAPDH
CIRP
NLRP3
IL-1p
CXCL1

Forward primer (5'-3')

CTGGAGAAACCTGCCAAGTATG
GGTGGTGGTAAAGGACAGG
GTGGACCTCAACAGACGCTACA
GGCAACTGTCCCTGAACTCAA
CAGACAGTGGCAGGGATTCA

Reverse primer (5'-3)

GGTGGAAGAATGGGAGTTGCT
CCATCCACAGACTTCCCATTC
GGCTCCAAGTGTTCATCCTCA
GCTTCTCCACAGCCACAATGA
TGGGGACACCCTTTAGCATC
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Gene Sense Antisense

IL-18 GCUUCCAAGCCCUUGACUUTT  AAGUCAAGGGCUUGGAAGCAA
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Classification of
exosomes

Monocyte-derived
exosomes

MSC-derived exosomes

MSC-derived exosomes

MSC-derived exosomes

MSC-derived exosomes

CAP exosomes

Exosomes derived from mir-
140-6p-overexpressing
human DPSCs
MSC-derived exosomes

MSC-derived exosomes

SHED-derived exosomes

Primary chondrocyte-
derived exosomes
MSC-derived exosomes

Exosomes derived from OA
patient serum and LPS-
treated C28/12 cells
Exosomes derived from
osteoarthritic chondrocyte

Exosomes derived from
curcumin-treated MSCs
Synovial MSC-derived
exosomes

Synovial MSC-derived
exosomes

Exosomes derived from
synovial fibroblasts

MSC-derived exosomes

MSC-derived exosomes

Synovial MSC-derived
exosomes

IPFP MSC-derived
exosomes
ADSC-derived exosomes

Exosomes derived from
synovial fibroblasts

Exosomal
inclusions

LncRNA MM2P

MiR-136-5p

MiR-127-3p

MR-9-5p

MiR-26a-5p

MiR-140

MiR-140-5p

LncRNA KLF3-

AS1, miR-206

LncRNA
KLF3-AS1

MiR-100-5p
MiR-95-5p

MiR-92a-3p

LncRNA PVT1

MiR-449a-5p

MiR-124 and

miR-143

MiR-129-5p

MiR-140-5p

LncRNA H19

MiR-136b

MiR-135b

MR-155-5p

MiR-126-3p

Origin of
exosomes

RAW264.7 mouse macrophages
and mouse bone marrow-derived
macrophages

OA chondrocytes and mouse
model of post-traumatic OA
Bone marrow MSCs and primary
chondrocytes of model rats

Rat model induced by anterior
cruciate ligament/medial colateral
ligament transection

MSC and synoval fibroblasts of OA
model rats

Chondrocytes of OA patients

IL-1p treated human chondrocytes
and OA model rats

IL-1-induced OA chondrocytes
and colagenase-induced mouse
OA model

IL-1B-induced OA chondrocytes
and collagenase-induced mouse
OA model

Temporomandibular joint
chondrocytes

OA primary chondrocyte

Human MSC and OA primary
human chondrocytes

OA patient serum and LPS-induced
C28/12 cells

Chondrocytes and macrophages
of OA

OA mouse models
OA patients and IL-1p-induced

chondrocytes
Human synovial MSCs

OA chondrocytes

Chondrocyte of OA model rats

Cartlage tissues and synovial

macrophages of model rats

OA chondrocytes and mouse

model of OA

IPFP of OA patients

Chondrocytes of OA

Model rats of OA

Regulatory roles

Promotes the chondrocyte differentiation
and functions

Inhibits the chondrocyte degeneration in
traumatic osteoarthritis

Inhibits the CDH11 in chondrocytes and
relieving the chondrocyte damage in OA.

Has anti-inflammatory and cartilage
protective effects on OA

Retards the damage of synovial
fibroblasts in vitro and aleviates the OA
damage

Inhibits the cartiage-degrading
proteases, and alleviates the OA
progression in mode rats

Inhibits the chondrocyte apoptosis and
improves the knee joint conditions in rat
model

Promotes the proliferation and inhibits
apoptosis of chondrocytes

Exosomal KLF3-AS1 promotes the
cartilage repair and chondrocyte
prolferation

SHED-exosomes suppresses the
inflammation in chondrocytes

Promotes the cartilage formation and
prevents the OA

Enhances the chondrogenesis and
suppresses the cartiage degradation via
targeting WNTSA

Aleviates the lipopolysaccharide-induced
OA progression

Enhances the mature IL-1 production of
macrophages and aggravates the
synovitis in OA

Curcumin reinforces the MSC-derived
exosomes in attenuating osteoarthritis
Relieves the IL-1p induced OA

Enhances the cartiage tissue
regeneration and prevents the OA in a rat
model

Promotes the chondrocyte proliferation
and migration and inibits the degradation
of OA matrix

TGF-p1 promotes the chondrocyte
proliferation by regulating the Sp1 through
MSC-exosomes derived miR-1350
Attenuates the cartiage injury via
promoting the M2 synovial macrophage
polarization

Prevents the OA via enhancing the
prolferation and migration, attenuating
the apoptosis, and modulating the ECM
secretion

Protects the articular cartilage and
ameliorates the gait abnormaltties via
inhibition of MTOR

Promotes the chondrogenesis and
suppresses inflammation

Suppresses the chondrocyte
inflammation and cartilage degradation

Targets

Sox8

ELF3
CDH11-mediated
wnt/g-catenin

pathway
Syndecan-1

PTGS2

Cartiage-degrading

proteases

Chondrocyte
apoptosis genes

KLF3-AS1/miR-
206/GIT1 axis

mTOR
HDAC2/8

WNT5A
HMGB1/TLR4/NF-
«B pathway via mir-

93-5p
ATG4B

NF-kB and ROCK1/
TLR9

HMGB1

RalA

MiR-106b-5p/
TIMP2

Spt

MAPK6

Runx2

3'UTR of mTOR

Wnt/g-catenin

IL-1, IL-6, and
TNF-a

References

Bai et al.
(2020)

Chen et al.
(2020)
Dong et al.
(2021)

Jin et al.
(2020a)

Jinetal.
(20200)

Liang et al.
(2020)

Lin et al.
(2021)

Liuetal.
(2018a)

Liu et al.
(2018b)

Luo et al.
(2019)
Mao et al.
(20182)
Mao et al.
(2018b)

Meng et al
(2020)

Ni et al. (2019)

Qu etal.
(2020)
Qu etal.
(2021)
Tao et al
(017)

Tan et al.
(2020)

Wang et al.
(018)

Wang and Xu.
(2021)

Wang Z. et al.
(2021

Wu etal.
(2019)

Zhao et al.
(2020)
Zhou etal.

(2021)





OPS/images/fphar-12-685623/fphar-12-685623-g002.gif





OPS/images/fphar-12-685623/fphar-12-685623-g001.gif





OPS/images/fphar-12-685623/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-655114/fphar-12-655114-t003.jpg
IL-35

IL-35
IL-35
IL-35
IL-35
IL-35
IL-35

+:up-regulation, wn-requiation.

Sample

RA synovium
Lyme arthritis/CIA mice tissue
Active RA serum

RASF

Cultured FLS

Normal human serum

Expression change

References

Kam et al. 2018b
Kuo et al. 2011
Kam et al. 2018b
Filkova et al. 2015
Wu et al. 2018
Kam et al. 2018b
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Modulators

Breg
iTR35

Endothelial cells

Macrophages
CD39*CD4'T cells
Th-17

IL-35

IL-35
IL-35
IL-35
IL-35
IL-35
IL-35
IL-35
IL-35
IL-35
IL-35
IL-35
IL-35

Target

IFN-y
1L-10
L35
TNFa
Ang2
RANKL
oPG
P-STAT1
VEGF
CCR-7
Foxp3
IL-17

Model

RA serum
PBMCs
Mice

FLS

Huvec

FLS

CIA mice
FLS

FLS

PBMCs
Arthritis mice
Mice spleen cells

References

Niedbala et al. 2007
Wang et al. 2014
Colison et al. 2010
Wu et al. 2016¢
Jiang et al. 2016a
Lietal. 2016a
Liet al. 2016d

Wu et al. 2018

Wu et al. 2018
Peng et al. 2019
Filkova et al. 2015
Kam et al. 20180
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Cytokines

IL-12
IL-23

IL-27

IL-35

Producing cells

monocytes, macrophages,DCs.B cells
monocytes, macrophages,DCs.B cells,
endothelial cells

macrophages,DCs,B cells

Tregs, breg, endothelal cells; monocytes

Function References

Tht difierentiation; Th2 inhibition; IFN-yT Wu et al. 2016

Thi7 differentiationlL-171 ; Prolfferation of GD4* memory T cells Nakano et al.
2015b

Inhibition of immune system responses; fmit the inflammatory Behzadi et .
2016

Treg and breg differentiation; iTR35 differentiation; Th17 inhibition; teff inhibition; IL-36  Choi et al. 2015
and IL-10 1; Mimacrophages|; M2macrophages]
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Gene

Human
IL-6

L1
ZEB2
GAPDH

Mouse
IL-6

TNF-a
L1
ZEB2

GAPDH

Primer sequence

Forward:5'-CACACAGACAGCCACTCACC-3"
Reverse:5'-AGTGCCTCTTTGCTGCTTTC-3"
Forward:5'-AACCTCCTCTCTGCCATCAA-3'
Reverse:5'-CTGAGTCGGTCACCCTTCTC-3"
Forward:5'-GGACAAGCTGAGGAAGATGC-3"
Reverse:5'-TCGTTATCCCATGTGTCG AA-3'
Forward:5'-CACACACATACACAGAAAGGA-3'
Reverse: 5'-ATAACAGGAGGCATAGCATT-3"
Forward:5'-ACCACAGTCCATGCCATCAC-3'
Reverse:5'-TCCACCACCCTGTTGCTGTA-3'

Forward:5'-CAAAGCCAGAGTCCTTCAGAG-3'
'-GCCACTCCTTCTGTGACTCC-3'
Forward:5'-CCTCCTCTTTTGCTTATGTT-3"
Reverse:5'-CAATTACAGTCACGGCTC-3"
Forward:5'-ACGGACCCCAAAAGATGAAG-3'
Reverse:5'-TTCTCCACAGCCACAATGAG-3'
Forward:5'-GCTACACGTTCGCCTACCG-3'
Reverse:5'-CCTTGGGTTAGCATTTGGTGC-3"
Forward:5'-AGGTCGGTGTGAACGGATTTG-3"
Reverse:5'-GTAGACCATGTAGTTGAGGTCA-3'
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Gene

ZEB2-siRNA

ZEB2-NC

Sequences

5'-GAAGCUACGUACUUUAAUATT-3'
5"-UAUUAAAGUACGUAGCUUCTT-3'
5"-UUCUCCGAACGUGUCACGUTT-3'
5'-ACGUGACACGUUCGGAGAATT-3'
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Molecule ID

MOL000211
MOL000359
MOL000492
MOL001919
MOL000211
MOL001924
MOL000422

Molecule name

Mairin

DPHCD
(+)-catechin
Beta- sitosterol
Paeonifiorin
Sitosterol
Kaempferol

Molecule structure

x1
x2
3
x4
x5
6
7

Vina scores

-9.4
-9.0
-88
-86
-85
-84
-81

Cavity size

266
226
1,258
266
1,258
266
1,258

Center® Size®

X y z x y z

72 36 22 ® 22

69 17 21 21 21

82 28 21 21 21

72 36 25 25 25

82 28 22 2 22

-17 72 36 25 25 25
-6 82 28 21 21 21

DPHCD:3S,5R, 8R,9R, 10S,14S)-3,17-dlihycroxy-4,4,8,10,14-pentamethy-2,3,5,6,7,9-hexahydro- 1H-cyclopentafajphenanthrene- 15, 16-ione.
"Docking pocket center coordinates.
bThe size in the x, y, and z directions of the docking pocket.
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Target

Progesterone receptor

Prostaglandin G/H synthase 1
Prostaglandin G/H synthase 2
Mineralocorticoid receptor

Tumor necrosis factor

Muscarinic acetylcholine receptor M2
Apoptosis regulator Bol-2

Apoptosis regulator BAX
Transcription factor AP-1

Caspase-3

Peroxisome proliferator-activated receptor gamma
Hyaluronan synthase 2

Symbol

PGR
PTGS1
PTGS2
NR3C2
TNFSF15
CHRM2
BCL2
BAX
JUN
CASP3
PPARG
HAS2

Degree

[ N A A A N N
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Target

Progesterone receptor
Mineralocorticoid receptor

Tumor necrosis factor

Interleukin-6

Monocyte differentiation antigen CD14
Lipopolysaccharide-binding protein

Prostaglandin G/H synthase 1
Prostaglandin G/ synthase 2
Muscarinic acetylcholine receptor M3
Muscarinic acetylcholine receptor M2
Beta-2 adrenergic receptor
Sodium-dependent serotonin transporter
Mu-type opioid receptor

Apoptosis regulator Bok-2

Apoptosis reguiator BAX

Caspase-9

Transcription factor AP-1

Caspase-3

Caspase-8

Protein kinase G alpha type

Serum paraoxonase/arylesterase

Nitric oxide synthase, inducible
Androgen receptor

Peroxisome prolferator- activated receptor
gamma

Acetylcholinesterase

Symbol

PGR
NR3C2
TNFSF15
L6

CD14
LBP

PTGS1
PTGS2
CHRM3
CHRM2
ADRB2
SLCBA4
OPRM1
BCL2
BAX
CASP9
JUN
CASP3
CASP8
PRKCA
PON1
NOS2
AR
PPARG

ACHE

EntrezID No.
5241 26
4306 27
9966 28
3569 29

929 30
399 31
5,742 32
5743 33
1181 34
1129 35

154 36
6532 a7
4988 38

506 39

581 40

842 41
3725 42

836 43

841 44
5,678 45
5444 46
4843 47

367 48
5468 49

43

Target

Transcription factor 65

Inhibitor of nuclear factor kappa-B kinase subunit beta

RAC-alpha serine/threonine-protein kinase
Mitogen-activated protein kinase 8
Interstitial collagenase

Signal transducer and activator of transcription 1-alpha/

beta
Heme oxygenase 1

Cytochrome P450 3A4

Cytochrome P450 1A2

Cytochrome P450 1A1

Intercellular adhesion molecule 1

E-selectin

Vascular cell adhesion protein 1

Nuclear receptor subfamily 1 group | member 2
Arachidonate 5-ipoxygenase

Hyaluronan synthase 2

Glutathione S-transferase p

Ayl hydrocarbon receptor

Nuclear receptor subfamily 1 group | member 3
Insuin receptor

Glutathione S-transferase Mu 1
Antileukoproteinase

Estrogen receptor

Catalase

Symbol

RELA
IKBKB
AKT1
MAPK8
MMP1
STAT1

HMOX1
CYP3A4
CYP1A2
CYP1A1
ICAM1
SELE
VCAM1
NR1I2
ALOX5
HAS2
GSTP1
AHR
NR113
INSR
GSTM1
SLPI
ESR1
CAT

EntrezID

5,970
3,551
207
5,509
4312
6,772

3,162
1,576
1,644
1,543
3,383
6,401
7412
8,856
240
3,037
2,950
196
9,970
3,643
2,944
6,500
2099
847
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Molecule ID

MOL001910
MOL001918
MOL001919
MOL001921
MOL001924
MOL001925
MOL001928
MOL001930
MOL000211
MOLO000358
MOL000359
MOLO00422
MOL000492

Molecule name

11alpha, 12alpha-epoxy-8beta-23-dihydroxy-30-norolean-20-en-28, 12beta-olice:
Paconiflorgenone
DPHCD

Lactiforin
Paeoniflorin
Paconiforin_qt
Albifiorin_qt
Benzoyl paeoniflorin
Mairin
Beta-sitosterol
Stosterol
Kaempferol
(+)-Catechin

Molecular weight

470.71
318.35
358.52
462.49
480.51
318.35
318.35
584.62
456.78
41479
414.79
286.25
290.29

OB (%)

64.77
87.69
43.56
49.12
53.87
68.18
66.64
31.27
55.38
36.91
36.91
41.88
54.83

DL

0.38
0.37
0.63

0.8
0.79

0.4
0.33
0.75
0.78
0.75
0.75
0.24
0.24

OB: oral bioavaiability; DL drug-lieness; DPHCD: (35,5R,8R,9R, 10S,14S)-3,17-dihydroxy-4,4,8,10,14-pentamethyi-2,3,5,6,7,9-hexahydro- 1H-cyclopentalaphenanthrene-15, 16-

dione.
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Characteristics Median +SD Total

Control group (N 33) Mutation group (N 25) Negative group (N 25)
Male (N.%) 22 (66.67%) 18 (72%) 18 (72%) 58 (69.83%)
Female (N,%) 11 (33.33%) 7 (28%) 7 (28%) 25 (30.12%)
Age 49.08  11.45 54.92 + 14.95(p < 0.05) 54.60 + 12.71(0 = 0.09)

YIDD mutation (N%) 18 (72%)

YVDD mutation (N%) 4 (16%)

Hybrid mutation (N%) 3 (12%)

HBV DNA (logslU/mL) 310052 5.77 £ 142(p < 0.01) 2.63 £ 0.81(p < 0.01)

HBSAG(U/mL) 4,898.89 + 2,105.98 6,468.75 + 2,306.99(p < 0.05) 6,024.85 + 2,465.38(p = 0.12)

HBeAg(IU/mL) 0.10 £ 0.03 1.23 + 2.26(p < 0.08) 0.95 + 1.77(p < 0.05)

HBeAD (IU/mL) 0.009 # 0.02 0.27 + 0.39(p = 0.09) 0.45 + 0.53(p < 0.05)

HBCAD (IU/mL) 0.007 £ 0.002 0.006  0.002(p < 0.05 0.006 + 0.002(p < 0.01

AST (UL) 36.93 & 15.60 55.45 + 46.46(p < 0.01) 41.46 2 18.76(0 = 0.4)

ALT (UAL) 33.29 + 15.88 54.82 + 58.15(p < 0.05) 36,50 + 20.24(0 = 05)

Control group: patients’ YMDD gene was wild type. Mutation group: patients were developed YMDD mutants after LAM therapy. Negative group: patients’ YMDD mutants did not detect.
HBV DNA: hepatits B Viral DNA, HBSAg: hepatitis B surface antigen, HBeAg: hepatitis B e antigen, HBeAb: hepatitis B e antibody, HBCAD: hepatits B core antibody, AST: aspartate
srnianEfenass ALTS aline AoV,
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Harmful bacteria

Beneficial bacteria

Phyla

Proteobacteria

Bacteroidetes

Fusobacteria

Firmicutes

Actinobacteria

Proteobacteria

Firmicutes

Actinobacteria

Genus/Species

Helicobacter
Escherichia coli
Bacteroides fragis

Bacteroides vulgatus
Prevotela spp

Alstioes

Fusobacterium nucleatum

Streptococcus bovis
Parvimonas
Clostridium spp.

Enterococcus faecalis
Peptostreptococcus
Atopobium parvulum
Slackia

Shigella spp.
Salmonelia spp.
Lactobacilus spp.

Roseburia spp.

Bifidobacterium spp.

Abundance
changes

T
T
it

Mechanism

Inflammatory
Colbbactin and DNA damage

BFT toxin

Activation of STAT3

Th-17 immune response induction
Production of IL-1

Activation of p-catenin signaiing
NF-xb activation

Inflammatory

Inflammatory

FadA binding to E-cadherin
Activation of p-catenin signaiing

NF-«b activation Production of IL-6, IL-8 Myc,

cyclin D1 activation

Expression of COX-2

Inflammatory, immune response
ROS production and DNA damage
Production of DCA

ROS production and DNA damage
Oxidative stress

The central hub of H2S producers
Anti-oxidant potential

Shiga and shiga-like toxins

Shiga and shiga-lie toxins

Immune moduiatory (activation T-cells)

Mucus barrier maintenance
Anti-inflammatory

Butyrate production
Immune modulatory
Anti-inflammatory

Butyrate production

References

Kamada et al. (2013)
Dziubanska-Kusibab et al. (2020)
Chung et al. (2018)

Karrasch et al. (2007)
Dai et al. (2018)

Allen-Vercoe and Jobin (2014)

Dai et al. (2019)
Alal et al. (2015)
Flemer et . (2018)

Dai et al. (2019)

Tsoi et al. (2017)
Mottawea et al. (2016)
Marchesi et al. (2011)
Koliarakis et al. (2018)
Chen et al. (2012)
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Study

infiximab
Targan et al.
(1997)

Lemann et al
(2006)

Hanauer et al
2002
(ACCENT )

Rutgeerts
et l. (1999)

Colombelet
(2010)
(SONIC)

Adalimumab
Hanauer et al
(2006)
(CLASSIC-)

Sandborn
et l. (20072)
(Gain)
Watanabe
et al. (2012)

Chen et al
(2020)

Rutgeerts
et al. (2012)
(EXTEND)
Colombelet al,
(2007)
(CHARM)

Sandborn
et al. (2007b)
(CLASSICI)

Watanabe
et al. (2012)

Certolizumab
Sandbom
et al. (2011)

Schveiberetal
(2005)

Winter et .
(2004)

Sandborn
et al. (20070)
(PRECISE1)
Schreiberetal
(2007)
PRECISE2)
Vedoizuma.
Feagan et al
(2008)

Sandborn
et al. (2018)
(GEMINI2a)
Sands et .
(2014)
(GEMINI)
Watanabe
et l. (2020)
Sandborn
et al. (2019)
(GEMINI2a)
Watanabe
et al. (2020)

Ustekinumab
Sandborn
et al. (2008)

Feagan et a.
(2016)
(UNT-2)
Feagan et al
(2016) (M-
UNIT)

Tofacitiib
Sandborn
et al. (2014)

Panes et al
(2017)

Panes et al.
(2017)

Figotinb
Vermeire et al
(2017)
FITZROY)
Vermeie et al.
(2017)
FITZROY)
Upadacitin
Sandborn

et al. (2020)
(CELEST)

cTP13
Yeetal (2019)

Yeetal. (2019)

“Trial
design

Induction

Treat-through

Maintenance

Maintenance

Treat-through
(with induction
data)

Induction

Induction

Induction

Induction

Maintenance

Maintenance

Maitenance

Maintenance

Induction

Induction

Induction

Treat-through
(with induction
data)
Maintenance

Induction

Induction

Induction

Induction

Maintenance

Maintenance

Crossover
(with induction
data)

Induction

Meaintenance

Induction

Induction

Maintenance

Induction

Maintenance

Induction

Induction

Maintenance

Country;
number
of sites.

North America
and Europe; 18

France; 20

North America,
Europe, and
Israel; 55

North America
and Europe; 17

North America,
Europe, and
Israel; 92

North America.
and Europe; 55

North America

and Europe; 52

Japan; 2

China; 15

North America
and Europe; 19

North America,
Europe, South
Aftca,
Australa; 92
North America,
Europe; 53

Japan; 2

Mutinationai; 120

North America,
Europe, and
South Afrca; 58
Israel, Europe,
and South
Aftca; 24
Mutinationa; 171

Muttinationai; 147

Canada; 21

Muinationai; 285

Mutinationai; 107

Japan; 71

Muttinationai; 285

Japan; 71

Mutinationai; 175

Muttinationai; 260

Mutinationa; 48

Mutinationai; 80

Muttinationai; 80

Muinationai; 52

Mutinationai; 52

Muinationai; 93

Muttinationai; 58

Muttinationai; 58

Interventions. Number

patients.

Inflximab 5, 10, or 108
20 mg/ig IV at week 0;
placebo

Infiximab 5 mg/kg IV at
weeks 0, 2, and 6 +
azathioprine or 6-MP;
azathioprine (2-3 mg/kg)
or 6-MP (1-1.5 mg/kg) +
placebo

Inflximab 5 or 10 mg/kg IV
every 8 wesks after
induction; placebo

115

335

Inflximab 10 mg/kg every 73
8 weeks IV ater single-
dose induction therapy;
placebo

Infiximab 5 mgkg V at
weeks 0,2, 6, 14, and 22;
azathioprine 2.5 m/kg/
day: combination therapy
infiimab + azathioprine)

Adalmumab 40 mg/
20mg, 40 mg/80 mg, or
80 mg/160 mg SC at
weeks 0 and 2; placebo
Adalmumab 160/80 mg
SC at weeks 0and 2;
placebo

Adaimumab 160/80mgor 90
80140 mg SC at weeks O

and 2; placebo

325

Adaiimumab 160 mg at 205
week 0, 80 mg at week 2;

piacebo

Adaiimumab 40 mg SC 129
EOW placebo

Adaimumab 40 mgweekly 778

G, or 40 mg SC EOW.
after induction; placebo

Adaimumab 40 mgweekly 55
G, or 40 mg SC EOW.
after induction; placebo

Adaiimumab 40 mg SC 3
EOW: placebo

Gertolzumab 400 mg SC
at weeks 0, 2, and 4;
placabo

Certolzumab 100, 200, or
400 mg SC at weeks 0, 4,
and 8; Placebo
Certolzumab 5, 10, or @
20 Mg IV at week 0;
placebo

Certoizumelb 400 mg S
at weeks 0, 2, and 4, then
every 4 weeks; placebo
Gertolizumab 400 g SC
every 4 wesks after
inducton; placebo

202

428

Vedolizumab 0.5 or
2mgikg V at weeks 0 and
4 placebo

Vedolizumab 300 mg IV at
weeks 0 and 2; placebo

185

Vedolizumab 300mg Vat 101
weeks 0, 2, and 6; placebo.

Vedolizumab 300mg Vat 157
weeks 0, 2, and 6; placebo.
Vedolizumab 300 mg V 461

every 4 or every 8 weeks;

placebo

Vedolizumab 300mg Vat 24
week 14, then every

8 weeks until week 54;

placebo

Placebo at weeks 0, 1, 2,
and 3, then ustekinumab
90 mg IHat weeks 8,9, 10,
and 11; ustekinumab
90mg IHat weeks 0, 1,2,
and 3, then placebo at
weeks 8, 9, 10, and 11;
placebo at weeks 0, then
ustekinumab 4.5 mgkg V
at weeks 8 ustekinumab
4.5mg/kg IV at weeks O,
then placebo at week &
Ustekinumab 130 mg IV at
week 0; placebo

104

628

Ustekinumab 90 mg IV 307
every 8 weeks through

week 40; ustekinumab.

90mg IV every 12 weeks

through week 40; placebo

Tofacitnb 1 mg twice
daly, 5 mg twice daly,

15 mg twice daiy; placebo
twice daily

Tofacitnib 5 mg twice
daly, 10 mg twice daiy,
15 mg twice daiy; placebo
twice daily

Tofacitnib  twice mg daiy.
10 mg twice daiy; placebo
twice dally

139

280

180

Filgotinib 200 mg once a
day; placebo

174

Fiigotinib 200 mg once a 74
day, 100 mg once a day;
piacebo

Upadacitnib 3 mg, 6 mg,
12mg, 24 mg twice daly
or 24 mg once dal
placebo

220

CT-P13 5 mg/kg V at
weeks 0, 2, and 6;
infiximab & mg/ig IV at
weeks 0, 2, and 6
CT-P13 5 mg/kg IV at
week 14 and every eight
weeks up 1o week 54
infiximab & mg/kg V at
week 14 and every eight
weeks up 10 week 54

220

110
and 92

Definition Time.
of outcomes. points
of clinical
outcomes,
week
CDAI<150 4and 12
Steroid-free 12.and 24
remission

CDAI<150 and 30 ands4

steroid-free

remission

CDAI<150 a4

CDAI<150 and 10 2nd 26

steroid-free

remission

CDAI<150 4

CDAI<150 4

CDAI<150 4

CDAI<150 4

CDAI<150 52

CDAIK150and rate 26 and 56

of complete

discontinuation of

steroids.

CDAI<150 and rate 56

of completely

discontinuation of

steroids.

CDAI<150 52

CDAI<150 6

CDAI<150 12

CDAI<150 4

CDAI<150 2

CDAI<150 2

CDAI<150 8

CDAI150 6

CDAI150 6

CDAI<150 10

CDAI<150 and 52

steroid-free

remission

CDAI<150 60

CDAI<150 6

CDAI<150 6

CDAI<150 and 52

steroid-free

remission

CDAI<150 4

CDAI<150 8

CDAI<150 2

CDAI<150 10

CDAI<150 20

CDAI<150 16

CDAI<150 6

CDAI<150 and 54

steroid-free

remission

Severity
of CD
at randomization

CDAI (220-400)

Patients with active

disease despite
6 months of steroids

COAI decrease 270
points and 25%
reduction from baseine
(220-400) after induction
therapy

CDAI decrease from
baseine 270 points after
induction therapy

COAI (220-450)

CDAI (220-450)

CDAI (220-450)

CDAI (220-450)

COAI (220-450)

COAI decrease from
baseine 270 points after
induction therapy

CDAI decrease 270
points from baseline after
induction therapy

DAl <150 after
induction therapy

COAl decrease 270
points from baseine after
4 weeks of induction
therapy

CDAI (220-450)

CDAI (220-450)

CDAI (220-450)

CDAI (220-450)

COAI decrease 2100
‘points from baseline after
induction therapy

CDAI (220-450)

CDAI (220-450)

CDAI (220-450)

CDAI (220-450)

CDAI<150 afterinduction
therapy

CDAI<150 afterinduction
therapy

COAI (220-450)

CDAI (220-450)

COAl decrease 2100
points from baseine after
induction therapy

CDAI (220-450)

CDAI (220-450)

COAl decrease 2100

points from baseline or
‘CDAI<150 afterinduction

therapy

CDAI (220-450)

COAl decrease 2100
‘points from baseline after
induction therapy

CDAI (220-450)

CDAI (220-450)

Reduction of at least 70
points from the baseline
CDAI (220-450) after
induction therapy

Concomitant
treatments

Steroids, 59%;
immunosuppressants, 37%

Al patients on tapering dose of
steroids; immunosuppressants other
than azathioprine/6 MP were ot
alowed

Steroids, 52%;
immunosuppressants, 27%

Steroids, 87%;
immunosuppressants, 0%

Steroids, 33%;
immunosuppressants, 20%

Steroids, 39%;
immunosuppressants, 49%

Steroids, 21%;
immunosuppressants, 32%

Mandatory corticosterdid dose
tapering; doses of
immunosuppressants,
aminosalicylates, and antiiotics.
remained stable

Steroids, 26%;
immunosuppressants. 1%

Steroids, 44%;
immunosuppressants, 47%

Steroids, 49%;
immunosuppressants, 22%

Steroids, 16%;
immunosuppressants, 36%

Steroids, 45%;
immunosuppressants, 33%

Steroids, 36%;
immunosuppressants, 37%

Steroids, 28%;
immunosuppressants, 45%

Steroids, 39%;
immunosuppressants, 37%

Steroids, 36%;
immunosuppressants, 40%
Steroids, 0%;

immunosuppressants, 0%

Steroids, 34%;
immunosuppressants, 17%

Steroids, 22%;
immunosuppressants, 30%

Steroids, 25%;
immunosuppressants, 48%
Steroids, 36%;
immunosuppressants, 17%

Steroids, 33%;
immunosuppressants, 63%

Steroids, 32%;
immunosuppressants, 34%

Steroids, 39%;
immunosuppressants, 35%

Steroids, 45.6%;
immunosuppressants, 36%

Immunosuppressants, 1%

Steroids, 35.5%

Steroids, 33%

Steroids, 51%

Foroed steroid reduction after
week 10

Steroids, 44%

Steroids, 32%

Prior
biologics

%

58%

52%

50%

54%

22%

24%

28%

24%

62%

8%

54%

62.50%

7%

31%

39.50%

7%

7%

75%

58%

58%
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Intervention

Odds ratios (95% CI)

Comparator

Adalimumab
Certoizumab
Vedoizumab
Ustekinumab
Tofacitinb
Figotinb
Upadacitini
CT-P13
Placebo

Infliximab

084043, 1.83)
2.44 (135, 4.97)
147(073,3.12)
162081, 3.68)
2,55 (1.27, 5.97)
107 (038, 3.16)
154 0.47, 5.39)
1.13(056, 2.17)
330 (201, 6.17)

Adalimumab

2.94(1.63,5.22)
174 (0.8, 329)
1.92 (0.98, 385)
340 (147, 652
120 (0.45,332)
187 (0.5, 559)
135 (0.47,334)
3.93 (247, 6.39)

Certolizumab

0,60 (033, 1.04)
066037, 1.24)
105 (056, 202)
0.43(0.16, 1.08)
063 (020, 1.88)
046 0.17,1.11)
135 (096, 1.91)

Vedolizumab

111057, 227)
176 (087, 375)
0.74 (026, 1.96)
1,06 (0.32, 3.25)
078027, 1.99)
2.26 (1.45, 3.65)

Bl R bl Al el s SR 95 DG v e o

Ustekinumab

1,58 (0.76, 3.41)
065 (023, 1.74)
095 (029, 296)
069 (023, 1.87)
202 (1.23,3.39)

Tofacitinib

041015, 1.13)
059017, 197)
044015, 1.13)
128 (0.7, 221)

Filgotinib

145 (0,36, 6.18)
1.06 (0.30, 357)
3,08 (1.34, 7.86)

Upadacitinib

074 (018, 2.89)
213076, 6.38)

cr-P13

290 (131, 7.59)
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Primer name

GAPDH-F
GAPDH-R
MMP-13-F
MMP-13-R
TRPM7-F
TRPM7-R
ADAMTS-5-F
ADAMTS-5-R
IL-6-F

IL-6-R

Sequence
(B'ato3'a)

CTGCTCCTCCTGTTCGACAGT
CCGTTGACTCCGACCTTCAC
CTGACCTGGGATTTCCAAAA
ACACGTGGTTCCCTGAGAAG
CTGAAGAGGAATGACTACAC
ACAGGAAAAAGAGAGGGAG
CGACAAGAGTCTGGAGGTGAG
CGTGAGCCACAGTGAAAGC
AGTCCTGATCCAGTTCCTGC
CTACATTTGCCGAAGAGCCC
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Intervention 0dds ratios (95% CI)

Comparator Infliximab, Adalimumab Vedolizumab Ustekinumab. cT-P13
Adalimumab 079017, 4.00) -

Vedoizumab 163 (0.40, 5.09) 195 (0.41,7.91) -

Ustekinumab 1.98 (0.46,9.39) 256 (048, 13.04) 129035, 6.07) =

CT-P13 0.74 (020, 2.71) 0.94 (0.12, 6.85) 048 (0.08, 3.24) 037 (005, 251) o
Placebo 3.80 (1.49, 10.29) 4.86 (1.43, 16.95) 248 (1.21,652) 191(0.59, 6.20) 5.15 (1.05, 27.58)

T
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Intervention 0dds ratios (95% CI)

Comparator  Infliximab Adalimumab Certolizumab  Vedolizumab  Ustekinumab Tofacitinib
Adalimumab 069 (035, 1.38) -

Certolizumab 1.69 (091, 3.21) 2.46 (1.27, 4.79) -

Vedoizumab 150 (069, 3.11) 216 (097,467) 088 (0.41,1.80) -

Ustekinumab 184 (085, 4.11)  2.67 (1.19,6.07)  1.08(050,237)  1.24 (0.52, 3.09) -

Tofacinb 200 (071,583 303 (1.01,863)  125(0.42,337) 142(045424) 1.13(035,352) -
Filgotinib 7.49 (185,34.77) 1076 (261,5235) 4.41(1.10,21.08) 4.99 (1.19,25.54) 4.06 (0.92,20.40) 3.60 (0.70, 22.31)
CT-P13 068(028,1.70)  100(033,309  0.41(0.14,1.20) 046(0.15,150) 038(0.11,1.23 034 (009,139
Placebo 3.44(224,552)  502(303,834) 204(1.34,315) 230 (1.31,4.40) 187 (1.00,357) 1.65 (0.6, 4.45)

Bold type represents statistically significant superiority/inferionity for the intervention
over the comparator.

Filgotinib

0.09 (002, 0.48)
047 (0.10, 1.76)

CT-P13

5.01 (1.86, 13.76)





OPS/images/fphar-12-640521/fphar-12-640521-g003.gif
LPS{tugmi) JL4(15agiml)

octi [
B - b v+
— +
Braitog - - -+
o

o [E=m
e [

pactn| 7
Bon - o+ s+
Braitac - -+

mopwre SRR





OPS/images/fphar-12-640521/fphar-12-640521-g004.gif
B

e [ e






OPS/images/fphar-12-640521/fphar-12-640521-g005.gif
" immunoprecipation

e
fog .
510029 [ e W stoans] E
oot [ | poc
|
fid o b
o[

B ACAPS  BmaitOEAPS

0 - ™

00

otgonyan . 1

2|y
==





OPS/images/fphar-12-661853/fphar-12-661853-g004.gif
RN RTYINY) ///n‘/f WLy,
V4 ///// Vo /////






OPS/images/fphar-12-640521/crossmark.jpg
©

2

i

|





OPS/images/fphar-12-640521/fphar-12-640521-g001.gif





OPS/images/fphar-12-640521/fphar-12-640521-g002.gif
e (R
ot ———
=

w10 [ e v

P 13

pactn| S

s Eortea
coos






OPS/images/fphar-12-661853/fphar-12-661853-g001.gif





OPS/images/fphar-12-661853/fphar-12-661853-g002.gif
//4;/ v{//// ///// //7
PRl S f»{f Yoy
BEr-a - Ery

= m
- ————-






OPS/images/fphar-12-661853/fphar-12-661853-g003.gif
@)

(1)
satagons|






OPS/images/fphar-13-727608/fphar-13-727608-g001.gif





OPS/images/fphar-13-727608/crossmark.jpg
©

|





OPS/images/fphar-12-731741/fphar-12-731741-t001.jpg
Compound

Sinomenine

Berberine
Theophyline

Honokiol

Puerarin

Licorice flavonoids
(--Epigallocatechin 3-gallate
Hualer polysaccharide
Ginsenoside panaxatriol
Ginsenoside Rh2
Ginsenoside Rg3

Polyphylin Vi

Timosaponin All

Fucoidan

Cordyoeps polysaccharides

Bufain
Arctigenin

Exaction of Gitrus hystrix DC (Citronelol
and Citronellal)

Rhubarb acid derivatives

Detailed activity/mechanism of
action

Reduced human IL-8 mRANA expression in MDA-MB-231 cells;
downregulated CXCR1

ROS-dependent and non-dependent pathways; upreguiated the
expression of MAPKs

Inhibited IL-1a, IL-1, IL-6, TNF-a expression; downregulated EGFR
protein expression

Reduced extracelular levels of HMGB1 protein and downregulated
HMGB1 and MMP-9 mRNA expression

Sensitized doxorubicin-resistant breast cancer cells to doxorubicin-
induced apoptosis

Increased solubility of honokiol in nano-micellar formulations

Downregulated the expression and phosphorylation of c-Src, EGFR and
AKT; inactivated mTOR and its downstream signal molecules
Abrogated the NF-B; inhibited phosphorylation of p65 and IkBa
Downregulated ROS production in the activated myofibroblast

Reduced MAPK and AKT signaling, suppressed MDA-MB-231 cell
migration and invasion

Reduced the expression of ER-a36 in MDA-MB-231 and MDA-MB-436
cells

Reduced ERa-36 experssion; attenuatted ERa-36-mediated activation of
ERp/a-catenin signaling

Resensitized TNBC paciitaxel resistant cells to pentatonix by inhibiting the
IRAK1/NF-xB and ERK pathways

Upregulated p-p53, p-p38, and phospho-ASK1 proteins, downregulated
levels of TNF receptor associated factor 2

Regulated Bax/Bal-2 expression on TNBC by inhibited NF-kB signaling

Inhibited the metastatic potential of 4T1 and MDA-MB-231 cells;
attenuated the migration of miR-18a mimic or Rell2 siRNA-enhanced
MDA-MB-231 cells

Activated ATM/Chk2 and p38 pathways upregulated phospho-histone
H2A.X and p-p38 levels

Inhibited the activation of cytosolic activated transcription factor 2;
downregulated cyclo-oxygenase-2 and MMP-9 transcription

Inhibited TNBC invasiveness and pro-angiogenesis; regulated EMT by
modulated TGFR/Smad dependent signaling

Inhibited breast cancer metastasis and restored drug sensitivity in drug-
resistant cells by down-regulating the transforming growth factor-p
signaling pathway and EMT program

Inhibited human breast cancer tumorigenesis by inducing cell death
through the ROS-mediated RIP1/RIP3/PARP-1 pathways

Enhanced DOX-induced DNA damage, decreased the phosphorylation of
signal STAT3 and the expressions of RAD51 and survivin

Induced apoptosis in MDA-MB-231 celis through inhibition of anti-
apoptotic Bcl-2 expression, leading to activation of the caspase-3-
dependent pathway

Induced apoptosis, G2/M phase cell cycle arrest and oxidative stress in
MDA-MB231 cells; activated pro-apoptotic JNK1; downregulated anti-
apoptotic ERK1 and anti-apoptotic bcl-2; increased the bax/bd-2 ratio
and initiated the mitochondrial apoptosis pathway

Application

In vivo and
in vitro
In vivo and
in vitro
In vivo and
in vitro
In vitro

In vitro

In vitro and in
vivo
In vitro

In vitro
In vivo and
in vitro
In vitro

In vivo and
in vitro
In vitro

In vitro

In vivo and
in vitro
In vivo and
in vitro

In vivo and

in vitro
In vitro

In vivo and
in vitro

In vivo and
in vitro

In vitro

In vitro

In vitro
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Characteristic

Age, median (range)
Sex, male/female
Hospital mortality, 1 (%)
SOFA score, mean + SEM
Vital signs, mean + SEM
Systolic blood pressure
Puise rate
Respiratory
Temperature
Infection source, 1 (%)
Lung
Heart
Kidney
Liver
Other

Sepsis (1= 8)

63.5 (42-77)
5/3
3 (37.5%)
5.88 + 0.64

147.00 + 12.41
96.25 + 6.54
25.50 + 3.34
37.53 £ 0.32

4 (50%)
3(38%)
3 (38%)
2 (25%)
2 (25%)

Control (1 = 5)

67 (48-72)
32

107.80 + 4.26
86.60 + 6.31
18.40 + 0.93
36.36 + 0.14

SEM, standard emor of mean; SOFA, sequential organ failue assessment Score.
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Number

4

Mol ID

MOL000098

MOLO00006

MOL004071

MOL000358

Molecule name

Quercetin

Luteolin

Hyndarin

Beta-sitosterol

Molecule weight

302.25

286.25

355.47

41479

OB (%)

46.43

36.16

73.94

36.91

DL

0.28

0.25

0.64

0.75
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Score

Body weight
(compared
to the original
body weight)

No change
<5%

<6~10%

<11~20%
220%

Stool bleeding

None

Blood traced in stool
visible

Totally rectal bieeding

Stool
consistency

Normal
Soft but still
formed
Very soft

Half diarrhea
Diarthea
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Compound

Quercetin

Luteolin

Hyndarin
Beta-sitosterol
5-Aminosalicylic acid

Affinity (Kcal mol™

Akt

-103
-113

-98
-11.8

CXcL8

=71
76
6.1
-68
45

IL-6

73
=77
63
75
4.9

JUN

-7
-6.9
-6.1
-7
-4.4

MAPK1

-98
-94
~g
-82
-55

MAPK14

-88
-89
i

RB1

-84
-77
-9.1
-55

RELA

-4.7
-4.3
36
46
32

VEGFA

=75
-B7
T8
-84
~B.7
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Rheumatic
diseases

SLE

sSc

M

PSS

Dyslipidaemia

piHDL 1
HDL, Apo-At], ox-LDLT
PON-1]

oLt

Apo-BTG.TCT
Pro-oxidant HDL T
OxLDLs T

HDL-CL, LDLT
Lipoprotein(a) T
Ox-LDL/B2GPI complex T

HDL-C|
Cholesterol, LDLR,
VLDLR, LRPT
Cholesterolf

Functions

Positively correlated with carotid plaque and IMTs
Observed in paediatric SLE patients

Protect LDLs from oxidation

Positively correlated with plaque inflammation
Observed in LN patients

Positively correlated with ESR, hsCRP and DAS28
Positively associated with RA disease activity, IMTs
Negative correlated with carotid artery IMTs.
Positively corretated with vascular damage

Positively correlated with autoimmune vascular
inflammation

Negative correlated with CRP and inflammation
Involved in the formation of vacuolated muscle fiores

Negatively correlated with immunological markers

Reference

McMahon et al. (2008), Wu et al. (2016)
Soep et al. (2004), Navab et al. (2004)

Kiss et al. (2007)

Navab et al. (2004)

Hahn (2010), Liu et al. (2014)

McMahon et al. (2006), Gomez Rossoetal. (2014)
Charles-Schoeman et al. (2012), Kim et . (2004)
Denton and Khanna (2017)

Tsifetaki et al. (2010)

Lippi et al. (2006)

Mariampillai et al. (2018)
Wang et dl. (2013)

Back et al. (2007)
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Score

ool il

Epithelial loss

no loss

0~5%

5~10%

more than 10% loss

Crypt damage

no damage
5~10% damage
10~20% damage

more than 20% damage

Reduction in the
number of goblets
cells

none
mild
moderate
severe

Inflammatory
cell infiltration

none
mild
moderate
severe
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Gene

GAPDH

ICAM-1

VCAM-1

IL-6

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Gene sequence (5’ to 3)

GCACAGTCAAGGCCGAGAATGG
GGTGGCAGTGATGGCATGGAC
AGTCGTCCGCTTCTACC
(CCAGCACCGTGAATGTGATCTCC
TGTGCTGCTATTGGCTGTGACTC
GCAGTTGACAGTGACAGGTCTCC
GCGACGTGGAACTGGCAGAAG
CATCGGCTGGCACCACTAGTTG
GCACTACAGGCTCCGAGATGAAC
AGGCTTGTGCTCTGCTTGTGAG
TGCCATGTCAGAAGACTCTTGCG
GGTCACAGCCAGTCCTCTTACTTC
AGCTGGACAACATACTGCTAACCG
CTTCACCTGCTCCACTGCCTTG
TTACTGCCACGGCACAGTCATTG
TCGCCTTGCTGTTGCTGAAGAAG
TGAACAACGATGATGCACTTGCAG
TAGCCACTCCTTCTGTGACTCCAG
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No.

0

Ligand

OCoP

OCcoP

OCOoP

COP

CoP
COP

Target
protein (PDB ID)

Caspase-1 (1RWK)

NLRP3 (6NPY)

NF-<B (1NFi)

Caspase-1 (1RWK)

NLRP3 (6NPY)
NF-<B (1NFi)

Binding energy

-8.2

H-bond

Ligand atoms

C-30
C-50
C-50
C-10
C-50
C-50
C-50
C-30
C-30
C-50
C-10
C-10
C-40
C-10
C-10

Amino acid residue

ARG391
ARG391
ASN259
ARG286
ARG260
ARG260

HIS258
ARG235
LYS326
LYS326
ASN109
ARG341
HIS248
TRP414
ASN109

H-bond length (A)

3.1
22
2.8
20
3.1
3.0
2.4
3.0
3.0
26
2.4
2.7
2.4
28
22
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Age (years)
Female (n, %)
Cirthoss (n, %)
Laboratory tests
Total biirubin (umol/L)
ALT (UL
AST (UL)
19G (@)
ANA positive (1, %)

Prior to treatment
(n =30)

496 £ 13.7
24 (80.0%)
10 (33.3%)

943 + 139.3

1818 £ 1759

201.2 £ 203.7
240:83
22 (733%)

Under therapy

3 weeks (n = 15)

509 £ 146
1(73.3%)
4(26.7%)

209 £ 169
893 £ 565.4
655 + 30.1
188 + 4.1
9 (60.0%)

6 months (n = 18)

498+7.0
17 (94.4%)
2(11.1%)

193+ 11.9
383+ 167
472189
16.0 +2.7
10 (55.6%)

Biochemical remission
(n=16)

61.0+124
14 (87.5%)
7 (43.8%)

149+48
208+ 6.1
256+ 4.9
135 +23
8 (500%)
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miRNA
FNG-AST
Lnc-IL7R
LINC00152

GAPLING

DILC
UCA1

aASs

ZFAST
AP11-83J16.1
PICSAR
THRIL
LINCO1197
CSTHINGANA
NTT

MEG3

MEG3
HOTAR
LINCO1882
NEAT!
HIX003209

H19

LERFS

FERIL4

MALAT1

HoTTIP

InoRNA-p21

MALAT1

w477

MEG3

Change

Up-reguiation
Up-reguiation
Up-reguiation

Up-regulation

Down-
reguiation
Down-
reguiation
Down-
reguiation
Up-regulation

Up-regulation
Up-reguiation
Up-regulation

Down-
reguiation
Up-regulation

Up-reguiation

Down-
reguiation
Down-
reguiation
Down-
reguiation
Down-
reguiation
Up-regulation

Up-regulation

Up-reguiation

Down-
reguiation
Down-
reguiation
Down-
reguiation
Down-
reguiation
Up-regulation

Up-reguiation

Down-
reguiation
Down-
reguiation
Down-
reguiation
Up-regulation

Down-
requistion

Tissue or cel type

Peripheral blood and CD4" T cells of RA patients
FLSs of RA patients
FLSs of RA patients

FLSs of RA patients

Plasma and FLSs of RA patients
FLSs of RA patients

Plasma and FLSs of RA patients

FLSs of RA patients

Synovialtissue, synovil lid and FLSs of RA patients
FLSs and synovial fluid from RA patients

Serum, synovial tissue and FLSs of RA patients

Synovial tissue and FLS of RA model mice

Various tissue and PBMCs of RA patients

PBMCs of the fist diagnosed untreated early RA patients.
FLSs and chondrocytes from RA patients

Serum of RA patients.

LPS-treated chondrooytes and RA mice

T Cells of RA patients, Jurkat T cells

PBMCS and Th17 cels from RA patients

PBMCs and macrophages of RA

Synovial tissue and FLS from patients with RA and from mice

FLSs and synovial tissue from RA patients and model rats
FLSs and synoval tissue from RA patients

Synovialtissue and FLSs of RA patients

Synovial tissue and FLSs of RA patients

FLSs of RA patients

FLSs and synoval tissue of RA model rats

Biood samples of RA patients, primary and transformed cel
glfm\ tissue and FLS of RA patients

FLSs of RA patients

Serum and FLSs of RA patients, RA model mice

FLSs and synoval tissue from CFAvinduced RA model rats.

Regulatory role

Increased IFNG-AS1 plays an important role in RA by
requating the IFNG.

Lnc-L7R promotes the growth of FLSs through
interaction with EZH2

FOXM1 actvates the LINCOO152 expression and induces
the activation o the Wit signaling

GAPLING promotes tumor-ike biologic behaviors of FLSs
as

MIANA sponging in RA patients

DILG participates in RA by inducing apoptosis of FLSs
and down-reguiating IL-6

UGAT affects the sunvival abilty of FLSs by changing
the expression of Wnt6

GAS5 overexpression down-reguiates IL-18 and induces
the apoptosis of FLSs

ZFAS1 promoted FLS migraion and invasion in

a miR-27a-dependent manner

RP11-83J16.1 promotes FLS proiferation, migration,
invasion and inflammation by regulating URI1

PICSAR promotes cell profferation, migration and
invasion of FLSs by sponging miANA-4701-5p

THRIL reguiates FLS growth and inflammatory
response by activating the PIBK/AKT signaling
LINCO1197 sponges miR-150 to promote

THBS2 expression and TLR4/NF~«8 inactvation
CSTINGANA is located in the associated region

and influences transaipt levels of C5

The excessive activation of the IncANA NTT/PBOV
axis promoted the monocyte diferentition of RA
MEG3 inhibits RA through miR-141 and

AKT/MTOR signaiing pattway

MEGG gene 15941576 (A/G) polymorphism

was associted with increased severity of RA

HOTAIR alviates the pathological development

of RA by targeting miR-138 and NF-xB pathway
LINCO1882 is related to T cell actvation

and played an important role in RA.

NEAT1 promoted the difeentiation of

CD4" T cels into Th17 cells

HIX003209 promotes RA infammation by

Sponging miR-6089 via TLR4/NF-B signaing pathway
Activated DDR-2 induces the expression

of H19 and H19 diecty interacts with

and promotes the degradation of miR-103a

LERFS negatvely reguates the migration,

invasion, and profferaion of FLS.

FER1L4 regulates RA via targeting NLRCS potentially

Overexpression of GASS reduced the levels of
HIPK2, TNF-a and IL-6 by targeting the HIPK2.
MALAT1-riven inhibiion of Wnt signal impedes
prolferation and inflammation

HOTTIP promotes inflammation in

RA by methyation of SFRP1

PVT1 knockdown suppresses FLS
inflammation and induces apoplosis n RA.
Methotrexate induces the IncRNA-p21,

reduced NF-« B actvity in TNFa treated cells
Tanstinone lIA could increase the expression of
GASS, promote the apoptosis of RAFLS
MALAT1 induces apoptosis by inhibiing

the activation of the PIRK/AKT pathway

HQT on RA are closely reated o

its mocuiation of ICANA uC.477

MEGS reguiates theurmatoid

arthritis by targeting NLRCS

Targets
NG

EzHe
miR-1270

miR-382-5p and mR-575

[
wits

18

mR-27a

URIT

MRNA-4701-5p

PIBI/AKT signaling pathway
mR-150

C5 mANA

PBOVI

MR-141, AKT/MTOR
signaling

HIF-1a and VEGF

MiR-138 and NF-xB pathway
2

STAT3.

miR-6089

miR-103a

hORNP @
NLRCS.

HIPK2

CTNNBI promoter

SFRP1

st

NPk B

PI3K/AKE signaling pathway
PISK/AKT pattway
miR-19D

NLRCS.
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Treatment

ARB/ACEI
TA

BTA
Verapamil
Pirfenidone
Suforaphane
PTXL
Emodin
Curcumin
Naringin
Ginseng
Ginsenoside Rg3
GNA
Lapadan
Stem cells

HBOT
IFN-y
TSG-6
SVF-gel/cells
PLM

UVA

Disease

HS/keloid
HS/keloid
HS/keloid
HS/keloid
HS

keloid
keloid

HS
HS/keloid
HS

HS

HS

HS

HS
HS/keloid

keloid
keloid
HS/keloid
HS

HS
keloid

Pathway
IL-6/TGF-p and AP-1/TGF-p

INK

STATS/Smadd
ARUGSK3p
PIBK/AKt

NF-xkB/IkB

JAK/STAT3 and Jak1/STAT1

P3B/NF-xB1

Effect

IL-6,TNF-a and TGF-p|

IL-6 and VEGF|.

TGF-p, IL-6, CTGF and side effects]
IL-6 and VEGF|

IL+6, IL-2 and neutrophil infitration|
IL-6]

TNF-a, IL-6 and TGF-|

TNF-q, IL-6 and MCP-1]

L1, IL-6 and IL-8]

TNF-q, IL-1, IL-6 and TGF-p1]
NF-xB, TGF-p1, IL-61

IL-1B, IL-6, and TNF-a|

TGF-p1, CTGF, IL-1, IL-6, TNF-al IL-10T
IL-6 and PAI-1]

Inflammation and fibrosis|, but
UCMSCs are controversial (IL-61/1)

Inflammatory factor] (IL-6/-)

IL-6 and col1 synthesis]

IL-1p, IL-6 and TNF-al.

IL-6 and MCP-1]

IL-6 and TNF-a level in both serum and tissuse]
IL-6 and IL-8T
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Primer name Sequence (5'-3) Product length

Actb P CCTCACTGTCCACCTTCCA 120
R GGGTGTAAAACGCAGCTCA

Iba-1 F GCAGCCTCATCGTCATCT 118
R CTCTCTTCCTGTTGGGCTT

Mpo i CTGGCACGGAAGCTGAT 120
R AATGAGGCAGGCAAGGAG

MCP-1 F CAGGTCTCTGTCACGCTTC 148
R AGTTCTCCAGCCGACTCA

IL-1p F CCCTTGACTTGGGCTGT 60
R CGAGATGCTGCTGTGAGA

Tnf-a F CAGCCAGGAGGGAGAAC 9B
R GTATGAGAGGGACGGAACC

RIP1 F CATCCCACCAGACAAGGT 109
R CCCAGAACTCAAGAGGCA

RIP3 F GCATCCTTCCAAACCCA 140
R CGCACCATTGAGCCATA

MLKL F 'CCCAGTCAAACTCCTCCTC 131

R ACAATACCCCACCACACC





OPS/images/fphar-12-732358/fphar-12-732358-g010.gif
[~

(r————





OPS/images/fphar-12-733387/fphar-12-733387-g001.gif





OPS/images/fphar-12-732358/fphar-12-732358-g009.gif
O

e





OPS/images/fphar-12-733387/crossmark.jpg
©

|





OPS/images/fphar-12-748993/fphar-12-748993-g004.gif





OPS/images/fphar-12-748993/fphar-12-748993-g003.gif





OPS/images/fphar-12-748993/fphar-12-748993-g002.gif





OPS/images/fphar-12-748993/fphar-12-748993-g001.gif





OPS/images/fphar-12-748993/crossmark.jpg
©

|





OPS/images/fphar-12-733902/fphar-12-733902-g004.gif





OPS/images/fphar-12-733902/fphar-12-733902-g003.gif
A e
2 o]

N & &
.

-
2 I"
8]

" € &
C  correera
=

coaT

¢ s

P






OPS/images/fphar-12-748993/fphar-12-748993-g007.gif





OPS/images/fphar-12-748993/fphar-12-748993-g006.gif





OPS/images/fphar-12-748993/fphar-12-748993-g005.gif





OPS/images/fphar-12-730681/fphar-12-730681-g003.gif





OPS/images/fphar-12-721769/fphar-12-721769-t001.jpg
Demographic characteristics
Sex (n, %)°
Female
Age (years) [M (@1, Q3)*
Clinical characteristics
Clinical classification (n, %)°
Severe
Nonsevere
Preadmission comorbidities (n, %)°
CHD
HF
AF
Diabetes
Respiratory disease
Cancer
Signs and symptoms (n, %)°
Fever
Cough
Sore throat
Expectoration
Shivering
Headache
Runny nose
Diarrhea
Muscular soreness
Feeble
Chest tightness
Anhelation
Temperature (C) [M (Q1, Q3)]

All patients
(n=90)

49 (54.4)
64.00(55.50, 73.00)

24 (26.7)
66 (73.3)

10 (11.1)
222
10.)

17 (18.9)
5(5.6)
8(89

67 (74.4)

43 (478
8(89)

16 (17.8)

10 (11.1)
5(56)
4(a.4)

13 (14.4)
8(89)

18 (20.0)

26 (28.9)

12 (13.3)

38.05(37.50, 38.78)

Average blood pressure during hospitalization, mmHg [M (@1, Q3"

Systolic biood pressure, mmHg

Diastolic blood pressure, mmHg
Laboratory findings

Blood routine [M (Q1, Q3]
White cell count, x10%/L
Neutrophil count, x10°/L
Lymphocyte count, x10%/L
Hemoglobin, g/L.

Platelet count, x10°L

HCT (%)

Cardiac markers [M (@1, Q3"
hs-cTnl (ng/L)

AST (UL)

OK (U)

OK-MB (U1L)
LDH(UL)

Renal and liver function [ (Q1, Q3)J°
Cr (umolL)
BUN (mmolL)
ALT (UL)
Blood lipid level (M (Q1, Q)
TG (mmoll)
LDL-C (mmolL)
HDL-C (mmol/)
Lymphocyte subsets (M (1, Q3P
CD4 (%)
CD8 (%)
Inflammatory markers [M (Q1, Q3)*
IL-6 (pg/m)
CRP (mg/L)
PCT (ng/L)
Coagulation test [M (Q1, Q3)I*
APTT (sec)
PT (sec)
D-dimer (mg/L)
Arterial blood gas [M (Q1, Q3)I*
PH
Lactic acid (mmol)
Redlology findings
Abnormalities on chest CT (n, %)°
Ground-glass opacities
Local pneumonia
Biateral pneumonia
Interstitial abnormalities
Treatment
Oxygen uptake (n, %)°
Without oxygen uptake

Oxygen inhalation through nasal/mask oxygen

inhalation (2-7L/min)
NIPPV & IMV
Antibiotic use (n, %)°
Coadrministration
Without coadministration
Length of stay (d) [M (@1, Q3)1*
Cinical outcome (n, %)°
Discharged
Stay in hospital

“Hypertension COVID-19 patients compared to nonhypertension COVID-19 patients.

125.00 (116.00,
131.00)
76.00(72.00, 81.00)

5.04 (4.28, 5.95)
322 (251, 4.09)
1.24 (090, 1.56)
118.00 (112.00,

128.25)
214.00 (18250,
291.75)
34.85(33.08, 37.55)

3.10 (1.48, 7.88)
25.00(19.00, 35.25)
65.00(51.50,93.50)

0.70 (0.45, 2.50)
191.50 (154.00,
244.25)

69.50(63.75, 83.00)
4.55 (3.50, 5.44)
25.50(17.00, 39.25)

1.31(0.97, 1.90)
2.24 (187, 2.55)
1.21 (1.04, 1.50)

43.80(39.04,51.51)
23.55(17.82,29.99)

978 (5.31, 27.81)
378 (1.03, 3.78)
0.7 (0.05, 0.16)

36.85(34.43, 39.80)
13.50(12.90, 14.00)
050 (0.30, 1.30)

7.41 (740, 7.43)
1.90 (1.50, 2.20)

59 (66.3)
14 (15.7)

75 (84.3)
5(5.6)

21 (233)
66 (73.3)
3@33)
53 (58.9)
37 (41.1)

22.15 (7, 29)

78 (86.7)
12 (13.3)

Hypertension (n = 31)

Well-controlled
=17

8(47.1)
65.00 (53.00, 73.00)

9 (52.9)
8(47.1)

6(35.3)
0(0)
0(0)

7412

169

2(11.8)

11 (64.7)
7(412)
1(5.9)
3(176)
1(6.9)
169
169
1(59
3(176)
3(17.6)
8(47.1)
2(7.1)
38.20 (37.00, 38.60)

129.00 (110.00,
132.25)
78.50 (73.75, 82.00)

576 (4.50, 6.76)
355 (3.27, 4.12)
151 (099, 1.77)
118.00 (118,50,

131.00)
223,00 (197.50,
295.50)
35.40 (32.50, 38.80)

420 (1.90, 4.20)
28,00 (2050, 43.00)
59.00 (31.00,
117.50)

0.70 (0.30, 1.00)
196.00 (162.00,
225.00)

79.00 (64.00, 97.00)
4.60 (4.10, 5.50)
33.18 (14, 65)

1.30 (081, 1.65)
2.30 (1.86, 2.58)
1.25 (1.11, 1.68)

45.68 (35.42, 51.28)
2134 (17.58, 25.60)

944 (5.12, 16.70)
341 (0.50, 26.92)
007 (0.04,0.20)

37.20 (35.90, 39.50)
13.30 (12.75, 13.75)
060 (0.40, 1.53)

741(7.38, 7.43)
205 (1.73, 2.15)

11 (64.7)

4(235)

13 (76.5)
0(0)

2(118)
15 (88.2)
00
12 (70.6)
5(20.4)

24.67 (15, 28)

15 (88.2)
2(11.8)

Poorly controlled
=14

8(57.1)
62.5 (556.50, 73.75)

6 (42.9)
8(57.1)

2(143)
2(143)
1(7.9)
3(@1.4)
1(7.9)
0()

11 (786)
8(57.1)
1(7.1)
4(286)
1(7.1)
0(0)
0(0)
2(143)
0(0)
2(143)
2(143)
1(7.1)
38,00 (37.20, 38.80)

136.00 (131.50,
144.50)°
79.00 (71.50, 87.50)

4.95 (3.81, 6.61)
294 (1.32, 4.66)
1.15 (0.99, 1.80)
118.00 (113.00,

127.75)
232.50 (171.25,
362.75)
35.15 (34.10, 40.00)

470 (1.68, 15.13)
3250 (20.75, 61.25)
76.50 (67.25, 96.00)

1.00 (0.65, 12.00)
204.00 (171.75,
360.25)

78.00 (63.50, 83.50)
4.90 (3.58, 6.73)
4029 (12, 119)

1.66 (1.12, 2.29)
2.40 (1.79, 2.70)
1.22 (098, 1.52)

48.05 (42.25, 58.78)
23.79 (5.25, 41.39)

16.93 (6.43, 27.87)
10.70 (2.40, 44.95)
0.14 (007,021)

38.70 (35.63, 42.40)
13.35 (12.78, 14.30)
0.98 (0.38, 1.35)

7.41(7.38, 7.46)
220 (1.80, 2.70)

8(61.5)
33.)

10 (76.9)
107

3(1.4)
9(643)
2(143)
9(643)
5(36.7)

21.08 (13, 27)

12(857)
2(143)

Nonhypertension
(n=59)

33 (55.9)
64.00 (54.00, 72.00)

9(15.3)
50 (84.7)

2(34)
00
0(0)

7(11.9)

3(6.1)

6(10.2)

45 (76.3)
28 (47.5)
6(10.2)
9(15.9)
8(13.6)
468
3(6.1)
10 (16.9)
5(8.5)
13 (22.0)
16 (27.1)
9(153)
38.05 (37.50, 38.95)

121.00 (113.25,
126.00)
75.50 (71.00, 79.00)

4.96 (4.24, 5.79)
307 (2.45, 4.07)
1.22 (0.84, 1.50)
119.00 (111.00,

126.00)
208.00 (183.00,
288.00)
34.40 (33.00, 36.90)

2,60 (1.30, 5.60)
23,00 (19.00, 31.00)
64.00 (51.00, 88.50)

0.70 (0.40, 7.85)
183.00 (150.00,
243.00)

68.90 (63.00, 76.00)
4.40 (3.40, 5.20)
28.69 (8, 100)

1.26 (0.98, 1.84)
222(1.90, 2.48)
1.20 (1.02, 1.49)

43.34 (37.15, 51.00)
24.69 (9.80,39.56)

897 (5.00, 33.94)
2,95 (0.78, 23.98)
007 (0.04, 0.16)

35.90 (33.70, 39.30)
13,60 (13.00, 14.10)
047 (020, 1.14)

7.41(7.40, 7.43)
1.80 (1.28, 2.08)

40 (67.8)
7(11.9)

52 (88.1)
468

16 (27.1)
42 (11.2)
1(1.7)
32 (54.2)
27 45.8)

2212 (7, 29)

51 (86.4)
8(13.6)

®The multiple comparisons of well-controlled hypertension COVID-19 patients, poorly controlled hyertension COVID-19 patients, and nonhypertension patients.
“Statistical analysis performed with Fisher's exact probability test.

“Statistical analysis by nonparametric Mann-Whitney U test or Kruskal-Walls test.
‘Statistical diference between the wel-controlled and nonhypertension groups (p < 0.0).
“Statistical diference between the poorly controlled and nonhypertension groups (p < 0.05).
CHD: coronary heart disease; HF: heart failure; AF: atrial ibrilation; NIPPV: noninvasive positive pressure ventiation; IMV: intermittent mandatory ventilation; AST: aminotransferase; CK:
creatine kinase; CK-MB: MB isoenzyme of creatine kinase; LDH: lactate dehydrogenase; Cr: creatinine; BUN: blood urea nitrogen; ALT: alanine aminotransferase; TG: triglyceride; LDL-C:
low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; CD4: cluster of diferentiation 4; CD: cluster of differentiation 8; IL-6: interleukin-6; CRP: C-reactive
orotein: PCT: procalcitonin: APTT: activated partial thromboplastin time; PT: prothrombin time.

0.824
0.714

0.001

0.003
0.116
0.344
0.025
1.000
0.710

0.617
1.000
0.710
0.563
0.484
0.656
1.000
0.530
1.000
0.588
0.631
0.534
0.467

0.000
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0.073
0.146
0.165
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0.048
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0.048
0.117
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Variables SMG9 expression p value

Low (N = 41) High (N = 54)

Sex
Male 28 30 0207
Female 13 24

Age, years
<60 20 28 0767
260 21 2

AFP, ng/L
<400 22 28 0861
2400 19 2

Tumor number
Single 32 29 0014
Multiple (=2) 9 25

Tumor Size, cm
5 14 32 0015
<5 27 22

TNM Stage
18l 27 23 0025
ngv 14 31

Bold values indicate statistical significance. If the p value was <0.05, the data were
considerad to be statistically significant difference.
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Variables Univariate analysis Multivariate analysis

HR 95% CI p value HR 95% CI p value
Sex 1318 0.732-2.356 0361

Age 1.408 0.783-2.516 0255

TNM stage 2044 1.134-3.684 0017 1632 0.800-2.935 0.198
Tumor thrombus 1.430 0.766-2.668 0.261

HBY 1.227 0673-2.236 0504

Tumor number 0526 0.260-1.063 0074 0534 0.257-1.111 0003
Tumor size (2 5crm) 0535 0.291-0.985 0,045 0387 0.197-0.760 0.006
AFP 2890 1.540-5.423 0.001 2326 1.222-4.425 0010
Pathological grading 0956 0.514-1.780 0883

SMG9 2645 1.404-4.983 0.003 3661 1.797-7.461 <0.001

Bold values indicate statistical sioniicance. If the p vakue was <0.05, the data were considered fo be statistically shnificant diference.
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Variables

Univariate analysis

Multivariate analysis

HR
Sex 1.252
Age 1318
TNM stage 1.960
Tumor thrombus 1.550
HBY 1.316
Tumor number 0.547
Tumor size (25 crm) 0534
AFP 2610
Pathological grading 1.005
SMG9 2.401

Bold values indicate statistical sionificance. If the p vakue was <0.05, the data were considered fo be statistical shnificant diference.

95% CI

0.697-2.250
0.734-2.349
1.088-3.533
0.828-2.901
0.722-2.39%6
0.277-1.081
0.290-0.983
1.389-4.903
0.641-1.869
1.292-4.460

p value

0.452
0.359
0.025
0171
0.370
0.082
0.044
0.003
0.983
0.006

HR

1.361

0.564
0426
2288

3326

95% CI

0.710-2.608

0.265-1.202
0.218-0.832
1.194-4.387

1.644-6.731

p value

0.353

0.138
0.012
0.013

0.001
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LncRNA/mRNA

CTB-61M7.2
RP11-284N8.3
LINC00861
ACSL1

CD2

IL7R

Forward primer

5'-GTCTTGAACTCCTGGTCTC-3"
5'-GTCCTCCACTAATCACAGAAT-3"
5'-TGCTCTACTCCTTGGCTAT-3'
5'-GCAGCAAGTAGCAGACAT-3'
5'-AAGAGCCCACAGAGTAGC-3"
5'-GATTCTCTTGCTGCTACCA-3'

Reverse primer

5'-TGCCTGTATTCCTTGTATGA-3'
5'-TCACTTGATGTCAGAATGCT-3
5'-ACTACGGTAACTCCTATTGC-3"
5'-GAAGGAAGCGTTCGTGTT-3"
5'-GTGGTGGAGGAGGATGTT-3'
5'-CGTCTCTTCCGTATATCTTCA-3'
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Characteristic Sepsis Control p value

Number 23 19
Age, years, mean (SD) 7030 (12.36)  27.58 (257) < 0.0001°
Male, 1 (%) 15 (65) 12 (63) >0.9999°
Patients with preuronia n (%) 18 (78) -
APACHE Il score, median (QR) 20 (17, 24) -
SOFA score, mean (SD) 7.04 (389) -

SD, standard deviation; IQR, interquartile range; APACHE, acute physiology and chronic:
health evaluation; SOFA, sequential organ failre assessment.

" value of Student's t test.

be value of Fisher's exact test.
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Stimulators/
drugs

Melatonin

Atorvastatin

SAL
FGF21
BDNF

Colchicine
Estrogen

PPB

SA

NIX

Piceatannol
BMSCs-MVs
HDAC6

Acrolein

TMAO

Low shear stress
LPC

Jak2 mutation

Ox-LDL

Nicotine

Cell types

ECs

ECs

ECs
ECs
ECs

ECs

ECs

ECs, SMCs
Macrophages
Macrophages
Macrophages
Macrophages
Macrophages
ECs

ECs

ECs

ECs, monocytes
Macrophages

ECs

ECs,macrophages
SMCs

ECs macrophages

Targets/
mechanisms

IncRNA-MEG3/
miR-223
ROS/NLRP3
IncRNA-NEXN-AS1/
NLRP3
NF-kB/NLRP3
ROS/NLRP3
KLF2/HK1, ROS/
NLRP3
AMPK/STRT/ROS
Autophagy
TLR4/NF-kB/NLRP3
Inc-MALAT1/NLRP3
Autophagy
miR-200a/Nrf2
miR-223/NLRP3
NF-kB/NLRP3
ROS/NLRP3
SDHB/ROS
TET2/SDHB/ROS
NLRP3
Jake/AIM2/GSDMD

miR-125a-5p/TET2/
SDHB

ROS/NF-xB
TLR4/NF-xB
AIM2/GSDMD
ROS/NF-xB
TXNIPNLRP3

Proof in vivo

ApoE ™" mice

8D rats
/

ApoE /" mice
ApoE " mice
/

/
ApOE ™~ mice
/
Diabetic rats
/
/
/
ApoE /" mice
/
ApoE /" mice
/
/

Casp1/117, GSDMD ™, Jak2""Casp1/117/, Jak2'TAm2~"~ and

Jak2'"Nirp3 ™/~ mice
/

/
/

ApoE "/~ mice
ApoE /" mice
ApoE /" mice

References

Zhang et al. (2018), Wang et al.
(2019)

Wu et al. (2020b)

Xing et al. (2020)
Zeng et al. (2020)
Jin et al. (2021)

Yang et al. (2020)
Meng et al. (2021)
Oh et al. (2020)
Han et al. (2018)
Peng et al. (2020)
Mu et al. (2020)
Lin et al. (2020)
Xuet al. (2021)
Jiang et al. (2018)
Wu et al. (2020a)
Chen et al. (2021)
Corréa et al. (2019)
Fidler et al. (2021)

Zhaolin et al. (2019) Nogie¢ et al.
(2020)

Kiyan et al. (2014)
Pan et al. (2018)
Wu et al. (2018)
Mao et al. (2021)
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Clinical characteristic Genotype P Value
cc ct T

Sample size 17 252 141 *
Sex (male/female) 64/53 132/120 79/62 0771
Onset age (year) 22 (11-35) 17 (11-30) 21 (12-32) 0370
T1DM duration (months) 6.00 (1.00-24.00) 4.00 (0.48-23.75) 4.00 (0.37-16.00) 0503
BMI (kg/m?) 18.96 (15.97-20.54) 18.71 (16.42-21.00) 18.51 (16.64-20.27) 0824
FCP (pmol/L) 77.50 (17.50-154.75) 72.60 (14.84-164.10) 79.63 (22.40-167.00) 0596
PCP (omolL) 140.13 (37.28-274.38) 136.67 (27.37-265.86) 140.85 (56.18-277.37) 0626
HoATG (%) 9.20 (7.40-12.05) 10.40 (7.90-12.90) 9.90 (8.00-12.80) 0063
GADA positivity (%) 90.50% 87.30% 88.70% 0666
GADA tter (U/m) 312,00 (93.20-714.45) 320,00 (83.21-778.75) 288.75 (79.20-794.11) 0959
1A-2A positivity (%) 32.40% 49.40% 54.30% 0.002"
1A-2A titer (U/mL) 229,02 (67.50-521.09) 191.02 (64.67-754.91) 156.54 (42.09-640.06) 0.402
ZnT8A positvity (%) 19.80% 34.30% 33.90% 0.028*
TG (mmolA) 0.89 (0.62-1.28) 1.00 (0.73-1.40) 089 (0.65-1.52) 0.482
TC (mmol/L) 431 (3.72-4.89) 4.23 (3.63-5.02) 4.34 (3.61-4.85) 0816
HDL-C (mmol/L) 1.37 (1.01-1.73) 1.22 (1.06-1.59) 1.26 (1.05-1.65) 0729
LDL-C (mmol/L) 2.36 (1.82-2.92) 2.33 (1.78-2.99) 230 (1.72-2.85) 0966

Noie: p* < 0.05 was considered signifcant.
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ical characteristic Genotype P Value
GG GA AA

Sample size 106 264 140 -
Sex (male/female) 56/50 138/126 81/59 0545
Onset age (year) 20 (10-36) 18 (11-30) 24 (12-32) 0382
T1DM duration (months) 7.50 (1.00-36.00) 3.00 (0.39-16.00) 6.00 (0.44-14.50) 0072
BMI (kg/m?) 18.66 (16.00-20.80) 18.82 (16.60-20.83) 18.55 (16.44-20.28) 0541
FCP (omol/L) 90.00 (16.10-161.90) 66.30 (15.52-165.55) 89.50 (22.40-164.00) 0380
PCP (omolL) 146.03 (26.44-264.70) 126.00 (28.12-273.20) 145.98 (76.26-278.75) 0376
HoATGC (%) 9.60 (7.35-12.40) 10.20 (7.70-12.70) 10.30 (8.10-13.28) 0.120
GADA positivity (%) 92.40% 86.40% 89.30% 0247
GADA titer (U/mL) 316.46 (97.48-777.79) 277.34 (84.66-753.34) 315,01 (74.58-804.54) 0998
1A-2A positivity (%) 28.70% 51.00% 52.30% <0.00*
IA-2A titer (U/mL) 132.19 (45.36-395.36) 260.19 (56.03-684.39) 123,61 (40.90-696.53) 0.404
ZnT8A positivity (%) 17.00% 35.60% 32.50% 0.006"
TG (mmol/L) 0.94 (0.69-1.61) 0.97 (0.66-1.32) 0.90 (0.73-1.52)) 0.763
TC (mmol/L) 4.40 (3.81-6.28) 4.21 (3.53-4.80) 4.30 (3.64-4.85) 0.282
HDL-C (mmol/L) 1.44 (1.10-1.80) 1.22 (1.06-1.61) 1.22 (1.01-1.58) 0086
LDL-C (mmol/L) 2.30 (1.70-3.19) 2.36 (1.77-2.89) 2.32 (1.76-2.76) 0.923

Note: p°<0.05 was considered significant.; Abbreviations: GADA, glutamic acid decarboxylase antibody; IA-2A, protein tyrosine phosphatase antibody; ZnT8A, zinc transporter eight

antibody.
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Expression

Downregulated

Upreguiated

Category

GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_CC_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT
GOTERM_MF_DIRECT

Term

GO:0006811~ion transport
GO:0006810~transport

GO:0006814~sodium ion transport
(GO:0016079~synaptic vesicle exocytosis
(GO:0031290~retinal ganglion cell axon guidance
GO:0007612~leaming

G0:0016020~membrane

GO:0045202~synapse

GO:0030424~axon

GO:0043025~neuronal cell body
GO:0043204~perikaryon

GO:0008021~synaptic vesicle
GO:0005272~sodium channel activity
GO:0005248~voltage-gated sodium channel activity
(GO:0005244~voltage-gated ion channel activity
GO:0030276-~clathrin binding
GO:0015459~potassium channel regulator activity
GO:0005509~calcium ion binding
GO:0006811~ion transport
GO:0006810~transport

GO:0006814~sodium ion transport
GO:0016079~synaptic vesicle exocytosis
GO:0007067 ~mitotic nuclear division
GO:0051301~cell division
(GO:0006954~inflammatory response
GO:0007049~cell cycle
GO:0007059~chromosome segregation
GO:0045087 ~innate immune response
GO:0005576~extracellular region
GO:0005615~extracellular space
G0:0000777~condensed chromosome kinetochore
GO:0000776~kinetochore
(GO:0000775~chromosome, centromeric region
GO:0009897~external side of plasma membrane
(GO:0034987 ~immunoglobulin receptor binding
GO:0004252~serine-type endopeptidase activity
GO:0008233~peptidase activity
GO:0005509~calcium ion binding
(GO:0008236~serine-type peptidase activity

Count

Pp-value

1.30E-07
5.91E-07
2.49E-06
2.56E-05
3.17E-05
3.48E-05
3.10E-11
2.84E-10
1.68E-09
4.55E-09
1.46E-07
2.61E-07
7.90E-06
3.17E-05
3.76E-05
6.73E-05
2.74E-04
2.98E-04
1.30E-07
5.91E-07
2.49E-06
2.56E-05
1.82E-07
4.27€-06
6.44E-05
1.31E-04
2.42E-03
3.84E-03
3.56E-07
2.53E-06
1.64E-03
5.93E-03
1.04E-02
1.22E-02
8.90E-04
1.96E-03
4.46E-03
1.07€-02
1.80E-02
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Gene

BircS
Bub
Cak1
Cenb1
Cenb2
-actin

Forward primer (5'-3)

TGCCCTACCGAGAATGAGC
GAAAACTCAGCTTGCGTTCC
CAGGACTCCAGGCTGTATCTC
CAGAGGTGGAACTGGATGAGC
CATTCCAAGTTTAGGCTTCTGC
CGTTGACATCCGTAAAGAC

Reverse primer (5'-3')

TTCCACCTGCTTCTTGACTGT
AGGCTTGGGTGCCATAGAT
TCGGTATTCCAAACGCTCT
CACATCGGAGAAAGCCTGACA
GATTTGGGAACTGGTGTAAGCA
TAGGAGCCAGGGCAGTA
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SNP

81143627
rs1143643

Minor allele

G
c

Genetic models

Dominant model Recessive model Overdominant model Additive model
OR (95% Cl) P OR (95% CI) P OR (95%Cl) P OR (95%Cl) P
1089 (0.832-1427) 0534 1189 0.874-1.617) 0270 0962 (0.754-1227) 0755 1099 (0921-1313)  0.295
1.159 (0.887-1515) 0279  1.101(0822-1.476) 0519 1057 (0.829-1.348) 0.654  1.097 (0.925-1.301)  0.286
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Gene SNP

rs1143627

Genotype
GG

L1B 151143643
Genotype

cc

cr

i

Allele
c
T

OR, oads ratio; Cl, confidence interval.

o value was oblgihed by adiusting for BMI.

Cases (N = 510)
n (%)

106 (20.8)
264 (51.8)
140 (27.4)
476 (46.7)
544 (63.3)

17 (22.9)
252 (49.5)
141 27.6)
486 (47.6)
534 (52.4)

Controls (N = 531)
n (%)

96 (18.1)
280 (62.7)
155 (29.2)
472 (44.4)
590 (65.6)

113 (21.3)
255 (48.0)
163 (30.7)
481 (45.3)
581 (64.7)

p Value

0.476
0.7556

0.309

0.841
0.607

0.281

OR
(95%C1)

0853 (0.550-1.321)
0,947 (0.671-1.336)

1.094 (0.920-1.300)

1.039 (0.713-1.514)
1.115 (0.737-1.687)

1.099 (0.925-1.306)
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Gene SNP

rs1143627

IL1B -
151143643

Genotype

Observed value

9%
280
156
113
255
163

Expected value

104.89
262.22
163.89
108.93
263.15
158.93
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T1DM patients Controls p Value

Sample size 24 27 -
Sex (male/female) 113 12/15 0921
Age (vear) 164 1742 0527
BMI (kg/m?) 19.20 £ 2,65 2054 £ 2.19 0071
Systolic pressure (mmHg) 11215 107 + 13 0370
Diastolic pressure (mmHg) 7012 70410 0988
HoA1c (%) 9.90 + 333 533:025  <0001"
TG (mmoll) 1.03 £ 055 091+0.24 0331
TC (mmolL) 422098 371+ 069 0.041*
HDL (mmol/L) 1.43 +058 1.35 £ 0.21 0586
LDL (mmol/) 233+ 104 206 059 0245
IL-1B (pg/mi) 039029 023+ 008 0028

Note: p*<0.05 was considered significant.
Abbreviations:BMI, body mass index; FCP, fasting C-peptice; PCP, 2-h postprandial
C-peptide; HbATc, glycated hemoglobin; TC, total cholesterol; TG: trighyceride; HDL-C,
high-density ficoprotein cholesterol: LDL-C, low-densily lipoprotain cholesterol
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Kazuhiro
et al. (2011)

Sugimoto
et al. (2012)

Byron et al.
(2011)

Masafumi
et al. (2011)

Akiko et .
(2010)

M.T.
Donnely
et al. (2000)

Yeoh et al.
(1995)

Scheiman
et al. (1994)

Hudson et a.
(1993)

Bergmann
et al. (1992)

Country

Japan

Japan

usA

Japan

Japan

UK

Singapore

UsA

France

Intervention group

Control group.

Sample

1

15

15

10

16

18

20

21

Treatment

Aspirin (100 mo/day) +
omeprazole (20 mg/day) +
rebamipide (300 mg/day)

@Aspirin (100 mo/day) +
famotidine (40 mg/day)

®@Aspri (100 mg/cay) +
lansoprazole (15 mg/cay)
@Aspirn (100 mo/day) +
rabeprazole (10 mg/day)

Aspirin-phosphatidyicholine
complex (326 mg/day)

@Aspiin (100 mo/day) +
famotidine (40 mg/day)

@Aspirn (100 mo/day) +
lansoprazole (15 mg/day)

Aspirin (100 mo/day) +
geranyigeranyiacetone
(150 mo/cay)

Aspiin (300 mg/day) +
misoprostol (100 yg/day)

Aspitin (600 mg/day) + chil

Aspirn (2,600 mg/dy) +
omeprazole (40 mg/day)

Aspirn (1,800 mg/day) + aniicine
bismuth cirate (800 mg/cay)

Aspirin (1,000 mo/day) +
lansoprazole (30 mg/day)

Sample  Treatment

1"

15

9

15

20

2

Aspiin (100 mg/

day) +
omeprazole
(20 mg/day)

Aspitin
(100 mg/day)

Aspitin
(325 mg/day)

Aspitin
(100 mg/day)

Aspirin
(100 mg/diay)

Aspirin
(800 mg/day)

Aspiin
(600 mg/cay)

Aspiin
2600 mg/cay)

Aspirin
(1,800 mg/day)

Aspirin
(1,000 mo/day)

Treatment
duration

(days)
2

2

14

Outcomes.

1. Number of particpants with
gastrointestinal lesions
2. Side effect

1. Number of particpants with
gastrointestinal lesions

2. Side effect

1. Number of particpants with
gastrointestinal lesions
2. Side effect

1. Number of participants with
gastrointestinal lesions
2. Side effect

1. Number of participants with
gastrointestinal lesions
2. Side effect

1. Number of particpants with
gastrointestinal lesions
2. Side effect

1. Number of partiipants with
gastrointestinal lesions
2. Side effect

1. Number of participants with
gastrointestinal lesions
2. Side effect

1. Number of particpants with
gastrointestinal lesions
2. Side effect

1. Number of particpants with
gastrointestinal lesions
2. Side effect

Side effect

None

None

None

None

None

3inintervention

16in
intervention

grou; 7 in
control group.

None

None

Conclusion

“The combination use of
rebamipide and omeprazole is
superior to omeprazole

Lansoprazole and rabeprazole are
superior to famotidine

Aspirin-phosphatidyicholine
‘complex is superior to placebo

Lansoprazole s superior to
famotidine

No significant difference between
the two groups.

Misoprostol s superior to placebo

Chilis superior to placebo.

Omeprazole is superior to placebo

Ranitcine bismuth citrate is

superior to placebo

Lansoprazole s superior to
placebo
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ltems

Sex

Male

Female
Age
Hypertension
Nonhypertension
Well-controlled and using ACE! and ARB
Poorly controlled and using ACEVARB
Well-controlled and not using ACEVARB
Poorly controlled and ot using ACEVARB

ACE! angiolensin-converting enzyme inhibitors: ARB: angiotensin recepior blocker: OR: odds ratio: Cl confidence inferval

Univariate Multivariate
OR (95% Cl) P OR (95% Cl) P

1.000 1.000

050 (0.19-1.28) 0.146 0.46 (0.16-1.34) 0.156

1.03 (0.99-1.06) 0.196 1.02 (0.985-1.07) 0.234
1.000 1.000

5.56 (0.69-44.67) 0.107 4.48 (0.53-38.07) 0.170

556 (0.32-97.13) 0.240 7.01 (0.37-138.08) 0.193

6.48 (1.7-23.81) 0005 6.85 (1.77-26.48) 0.005

397 (103-15.30) 0045 4.03 (1.01-16.07) 0.048
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Hypertension (n = 31)

ACEI/ARB (n = 6)

Sex (n, %)*
Female 3 (50)
Age (years) [M (Q1, Q3)° 66.00 (55.75, 83.00)

Clinical characteristics

Clinical classification (n, %)*
Severe 3(50.0)
Nonsevere 3 (50.0)

Preadmission comorbidities (n, %)°

CHD 1(16.7)
HF 1(16.7)
AF 00
Diabetes 2(33.3)
Respiratory disease 00
Cancer 0(0)

Signs and symptoms (n, %)

Fever 6 (100)
Cough 3 (50)

Sore throat 0(0
Expectoration 1(16.7)
Shivering 2 (333
Headache 0(0)

Runny nose 1(16.7)
Diarrhea 0(0)
Muscular soreness 00

Feeble 1(16.7)
Chest tightness 1(16.7)
Anhelation 00
Temperature (‘C) [M (Q1, Q3)) 37.80 (36.60, 39.00)
Average blood pressure (mmHg) (M (Q1, Q3)P

Systolic blood pressure 131.00 (116.00, 132.00)
Diastolic blood pressure 74.00 (72.50, 81.00)
Laboratory findings

Blood routine [M (Q1, Q3]

White cell count, x10%L 5.19 (4.82, 6.40)
Neutrophil count, x10°%L 3.25 (3.04, 4.60)
Lymphocyte count, x10%/L 1.41 (.94, 1.71)
Hemoglobin, g/L. 11950 (118.00, 139.25)
Platelet count, x10%L 182.50 (167.25, 240.75)
HCT (%) 35.90 (35.25, 41.30)
Cardiac markers M (Q1, Q3)P

hs-cTnl (ng/L) 6.60 (1.95, 53.00)
AST (UL) 28.00 (20.50, 45.00)
CK (UL) 68.00 (50.50, 1,048.25)
CK-MB (UL) 1.00 (0.40, 76.75)
LDH(UAL) 282.00 (168.75, 380.00)
Renal and liver function (M (Q1, Q3)f°

Cr (umol) 89.50 (65.25, 104.50)
BUN (mmolL) 4.45 (2.90, 6.95)
ALT (UL) 32.00 (16.75, 48.50)
Blood lpid level [M (Q1, Q3)F°

TG (mmolL) 1.24 (0.0, 1.76)
LDL-C (mmolL) 1.70(1.22, 2.12)'
HDL-C (mmol/L) 1.07 (1.00, 1.44)
Lymphocyte subsets [M (Q1, Q3P

CD4 (%) 48.14 (33.70, 57.00)
CD8 (%) 17.62 (11.24, 20.62)
Inflammatory markers [M (Q1, Q3)J°

IL-6 (pg/mi) 16.90 (6.4, 16.90)
CRP (mg/L) 1.69 (0.33, 61.06)
PCT (ng/L) 0.08 (0.06, 0.08)
Coagulation test [M (Q1, Q3)P°

APTT (sec) 38.55 (35.65, 45.98)
PT (seq) 12.95 (12,60, 13.70)
D-dimer (mg/L) 1.05 (030, 2.27)
Arterial blood gas [M (Q1, Q3)F°

PH 7.41 (7.37, 7.50)
Lactic acid (mmol/L) 200 (1.83, 2.18)
Radiology findings

Abrormaities on chest CT (n, %)*

Ground-glass opacities 2 (40)
Local pneumoria 2 (40)
Biateral pneumonia 3(60.0)
Interstitial abnormalities 00

Treatment

Oxygen uptake (n, %)°

Without oxygen uptake 3 (50.0)"
Oxygen inhalation through nasal/mask oxygen inhalation (2~7L/mir) 2(333)f
NIPPV & IMV 1(16.7)

Antibiotic use (n, %)”

Coadministration 4(66.7)
Without coadministration 2(33.3)
Length of stay (d) [M (@1, Q3)I° 25.40 (19, 28)

Cinical outcome (n, %)
Discharged 5(83.3)

Stay in hospital 1(16.7)
“Statistical analysis performed with Fisher's exact probability test.
“Statistical analysis by nonparametric Mann-Whitney U test or Kruskal-Walls test.

Non-ACEVARB (n = 25)

13 (52)
63.00 (55.00, 73.00)

12 (48.0),
18 (52.0)a

7 (28)
1(4)
14.0)
8(32.0)
2(8.0)
280

16 (64.0)
12 (48.0)

2(80)
6(24.0)

00

140

0(0)
3(12.0)
3(12.0)
4(16.0)
9(36.0)
3(12.0)

37.99 (36.20, 39.00)

132.50 (126.00, 138.00),
79.00 (74.00, 83.25)

5.80 (421, 6.76)
355 (2.47, 4.50)
1.31 (099, 1.80)

117.00 (111.00,128.50)

261.00 (197.50, 327.00)

35.40 (32.85, 38.60)

420 (1.75, 11.00)
37.50 (24.50, 45.25)
73.00 (46.00, 93.50)

0.80 (0.50, 1.40)

196.00 (162.00, 240.00)

77.00 (63.00, 91.00)
4.60 (4.10, 6.30)
30.00 (16.00, 50.00)

1.56 (0.99, 2.10)
244 (1.91,2.77)
1.30 (0.1.11, 1.55)

47.14 (40.97, 51.93)
24.03 (19.63, 27.13)

961 (6.43, 23.05)
5.10 (2.73, 23.13)
0.09 (0.05, 0.24)

37.20 (35.80, 40.30)
13.40 (12.80, 13.95)
0.68 (0.40, 1.30)

7.41 (7.40, 7.43)
2.10 (1.80, 2.50)

17 (68.0)
5(20.0)

20(80.0)
14.0)

2(80)
22 (80.0)
1(4.0)

17 (68.0)
8(32.0)
2255 (13, 28)

22(88.0)
3(12.0)

Nonhypertension
(n =59)

33 (65.9)
64.00 (54.00, 72.00)

9(15.3)
50 (84.7)

2(34)
0 O
00

7(11.9)
3(5.1)

6(102)

45 (76.3)
28 (47.5)
6(102)
9(153)
8(136)
4(6.8)
3(6.1)
10 (16.9)
5(85)
13 (22.0)
16 (27.1)
9(153)
38.10 (36.60, 39.60)

121.00 (113.25, 126.00)
75.50 (71.00, 79.00)

4.96 (4.24, 5.79)
3.07 (2.45, 4.07)
1.22 (0.84, 1.50)
119.00 (111.00, 126.00)
208.00 (183.00,288.00)
34.40 (33.00, 36.90)

2.60 (1.30, 5.60)
23,00 (19.00, 31.00)
64.00 (51.00, 88.50)

0.70 (0.40, 7.85)

183.00 (150.00, 243.00)

68.90 (63.00, 76.00)
4.40 (3.40, 5.20)
23.00 (17.00, 35.00)

1.26 (0.98, 1.84)
2.22(1.90, 2.48)
120 (1.02, 1.49)

43.34 (37.15, 51.00)
24.08 (18.11, 30.65)

897 (5.00, 33.94)
2,95 (0.78, 23.98)
007 (0.04, 0.16)

35.90 (33.70, 39.30)
13.60 (13.00, 14.10)
047 (0.20, 1.14)

7.41(7.40, 7.43)
1.80 (1.28, 2.08)

40 (67.8)
7(11.9)

52 (88.1)
468

16 (27.1)
42 (71.2)
1(01.7)

32 (54.2)
27 45.8)
2212 (7, 29)

51(86.4)
8(136)

The muttiple comparisons of using ACEI/ARB hypertension COVID-19 patients, non-ACEI/ARB hypertension COVID-19 patients, and nonhypertension patients.

“Statistical difference between the non-ACEVARB and nonhypertension groups (p < 0.05).
“Statistical difference between the ACE/ARB and nonhypertension groups (p < 0.05).
Statistical difference between the ACEI/ARB and non-ACEV/ARB groups (p < 0.05)

0.941
0.827

0.002

0.004
0.041
0.344
0.048
0.741
1.000

0.186
1.000
1.000
0.601
0.032
1.000
0.202
0.695
0.826
0.906
0.633
0.888
0.806

0.000
0.187

0.200
0.334
0.380
0.439
0.150
0.152

0.144
0.044
0.753
0.838
0.328

0.137
0.383
0.437

0.695
0.020
0.457

0.508
0.100

0.819
0.487
0.450

0.088
0.380
0.339

0.983

0.141

0.506
0.159
0.159
1.000

0.017

0.532

0.499
1.000

CHD: coronary heart disease; HF: heartfailure; AF: atrial fibrilltion; NIPPV: non-invasive positive pressure ventilation; IMV: intermittent mandatory ventiation. ACEI angiotensin-converting
enzyme inhibitors; ARB: angiotensin receptor blocker. AST: aminotransferase; CK: creatine kinase; CK-MB: MB isoenzyme of creatine kinase; LDH: lactate dehydrogenase; Cr: creatinine;
BUN: blood urea nitrogen; ALT: alanine aminotransferase; TG: triglyceride; LDL-C: low-density lipoprotein cholesterol; HDL-C: high-density lipoprotein cholesterol; CD4: cluster of

differentiation 4: CD8: cluster of differentiation 8: IL-6: interleukin-

RP: C-reactive protein: PCT: procalcitonin: APTT: activated partial thromboplastin time: PT: prothrombin time.
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Type of
diseases

Atherosclerosis

Myocardial
Infarction

Heart Failure

Ischemic Stroke

The source of IL-6

Endothelial cells, smooth muscle cells, macrophages, and T cells
(Barton, 1996)

Endothelial cells, smooth muscle cells, cardiomyocytes,
macrophages, monocytes, and neutrophils (Tsutamoto et al.,
1998; Fuchs et al., 2003)

Endothelial cells, smooth muscle cels, cardiomyocytes,
macrophages, monocytes, and neutrophils (Yamauchi-Takinara
et al., 1995; Tsutamoto et al., 1998)

Neurons, oligodendrocytes, astrocytes, and endothelial cells
(Martinez-Reveles et al., 2008; Lambertsen et al., 2012)

Expression of

IL-6

Up-reguiation

Up-regulation

Up-regulation

Up-regulation

The mechanism of
IL-6 in cardio-cerebrovascular
diseases

Activate JAK/STAT cascade to induce CRP production to
stimulate leukocyte recruitment and promote inflammatory
responses; Induce LDLR expression of macrophages to
promote LDL uptake and foam cell formation (Schuett et al.,
2009); Degrade the extracelular matrix, and make plaques
prone to rupture (Suzuki et al,, 2008)

Through JAK/STAT cascade, mediate neutrophil infitration and
activation; Reduce Ca®* concentration through NO; Stimulate
vascuiar endothelium and induce cardiomyocytes to the express
of ICAM-1; Increase the production of PAI in liver (Kinugawa
et al,, 1994; Shu et al., 2007)

By activating JAK/STAT pathway, aggravate mitochondrial
dysfunction caused by oxidative stress; Induce ROS production
by regulating mitophagy level; Reduce actin phosphorylation;
Promote cardiac fibroblasts to synthesize collagen; Increase
nitric oxide synthase to decrease ritric oxide-mediated calcium
flux and contractilty in ventricular myocytes (Kinugawa et al,
1994; Huo et al., 2021)

Affect phospholipid metabolism and produce arachidonic acid-
like substances, ceramides and ROS (Adibhatia et al., 2008);
Activate giial cells and cause leukocyte activation to infitrate the
CNS; Induce inflammatory immune cascade response via JAK!
STAT pathway (Huang et al., 2006)
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Action object

Neuron
Bone Marrow

Cardiac
Liver

Immune cells

Kidney
Skin

Specific roles of
Interleukin-6

Accelerate p amyloid accumulation (Jordan et al., 2017); Increase cerebrovascular diseases

Promote early bone marrow stem cell production; increase osteociast to promote bone resorption; increase angiogenesis:
increase platelet (Jordan et al., 2017)

Increase vascular endothefial growth factor to increase angiogenesis; increase cardiovascular diseases (Jordan et al., 2017)
Induce synthesis of acute phase proteins such as C-reactive protein, serum amyloid A and hepcidin (Tanaka et al., 2018);
decrease albumin and transferrin; increase Fibrinogen (Jordan et al., 2017)

Stimulate B cells to produce immunoglobuiin (Schett et al., 2013) and antibody (Jordan et al., 2017); increase plasmablast;
promote the expansion and activation of T cells (Kopf et al., 1994); decrease T regulatory cells diferentiation (Mangan et al.
2006; Unver and McAllister, 2018)

Increase kidney mesangial proliferation (Jordan et al., 2017)

Increase Keratinocytes; increase dermal fibroblast collagen (Jordan et dl., 2017)
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TCM

Giycyrhizin
Baicalin

Quercetin, GCG, herbicin, rhifofolin, and pectolinarin

Scutellarein

Herbacetin, isobavachalcone, quercetin 3-B-d-glucoside,
and helichrysetin

Ginsenoside-Rb1

Saikosaponins

TGG

Emodin

Six phytoextracts from ciwuija, longdan, shuyu, juemingz,
and sangjisheng

Gancao, huangain, kuxingren, jinyinhua, and liangiao

Banxia and chenpi
Gouj

Banlangen
Dahuang
Yuxingcao

Model of action

The inhibitory role of virus attachment, entry, and replication

The inhibitory role of the 3CLpro of SARS-CoV and interaction of SARS-CoV/ S protein and
ACE2

The inhibitory role of the 3CLpro of SARS-CoV

The inhibitory role of the SARS-CoV helicase protein
The inhibitory role of the enzymatic actiity of MERS-CoV 3CLpro

The inhibitory role of SARS-CoV replication

The inhibitory role of viral cellular entry, adsorption, and penetration
The inhibitory role the interaction of SARS-CoV S-protein and ACE2
The inhibitory role of the S protein and ACE2 interaction

The inhibitory role of SARS-CoV replication

The anti-inflammatory, anti-viral, immune regulation, anti-tumor, anti-pyretic and anti-
spasmodic, and anti-asthmatic effects.

In the recovery stage

The inhibitory ole of the 3CLpro of SARS-CoV

The inhibitory role of the 3CLpro of SARS-CoV

The inhibitory role of the 3CLpro of SARS-CoV

The inhibitory effects on SARS-CoV 3CLpro and RNA-dependent RNA polymerase
(RdRp)

Ref. (PMID)

12814717
32333601
22136493
31724441
31020684
22350287
22578462
31131400
31131400

15226499
32345124
15452254
21356245
9039785

16437747

32247022
9039785
16115693
20103835
18479853
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The main therapeutic target 1o treat COVID-19
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Component name Loureirin A Loureirin B Paeonol Formononetin

Content in SJHY formula (ug/mi) 113.41 129.39 21.82 13.99 5.00
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Category

KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY

Term

cfa4914:Progesterone-mediated oocyte maturation
cfa04110:Cell cycle

cfa4115:p53 signaling pathway

cfa4114:00cyte meiosis

Count

(AR TNEN

p-Value

7.92E-06
2.33E-06
5.41E-04
1.49E-03

Genes

CCNB1, CDK1, CCNB2, BUB1
CCNB1, CDK1, CCNB2, BUB1
CCNB1, CDK1, CCNB2
CDK1, CCNB2, BUB1
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Ligand

Danshensu
N-Methylephedrine
Serotonin
Astragaloside
Astramembrannin
Sucrose

Dauricine
N-Methylephedrine
P-Cymen-2-Ol
Serotonin
Danshensu
Dauricine
P-Cymen-2-Ol
Serotonin
Lobelanidine
Serotonin
Dauricine
09-Angeloylretronecine
Serotonin
Lobelanidine
Oxyphyllacinol

Genes

ADRB2
ADRB2
ADRB2
CXCR4
CXCR4
CXCR4
DRD1
DRD1
DRD1
DRD1
DRD4
DRD4
DRD4
DRD4
HRH1
HRH1
HTR2A
HTR2A
HTR2A
OPRD1
OPRD1

PDB ID

2RH1

30E8

7CRH

6L

3RZE

B6W4H

4NBH

Affinity kcal/mol

-7
-6.6
-75
-8.8
-7.6
82
7.7
5.5
-6.1
-6.6
-5.9
-8.2
-6
-62
-8.7
74
-9.8
-6.7
-6.4
-9.4
-8.7
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Cluster Score Nodes Edges Node IDs

1 11 13 7 Fam64a, Cenb, Cak1, Bubt, Nuf2, Conb2, Spe25, Birc5, Cdcas, Nek2, Cdca3, Ceps5, and Esco2
2 10 10 45 Sh3gl2, Amph, Pacsint, Snapd1, Aak1, Syti1, Agtrib, Syt9, Fza4, and II7r
3 6 19 54 Pipm, Posk2, Scgs, Chgb, Chga, Cxcl2, Mmps, Clec4d, Cxcl3, Sipi, Agtr2, Gng3, Npy2r, Orm2, Gr7, Sucnr, Sytd, i1,

and Saa3
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Symbol Uniprot ID Description Relevant compound

CXCR4 P61073 G-X-C chemokine receptor type 4 Astragaloside
Astramembrannin
Sucrose

OPRD1 P41143 Delta-type opioid receptor Lobelanidine
Oxyphyllacinol

DRD4 P21917 D (4) dopamine receptor Danshensu
Dauricine
P-Cymen-2-Ol
Serotonine

HTR2A P28223 5-hydroxytryptamine receptor 2A Dauricine
09-Angeloylretronecine
Serotonine

HRH1 P35367 Histamine H1 receptor Lobelanidine
Serotonine

ADRB2 PO7550 Beta-2 adrenergic receptor Danshensu
N-Methylephedrine
Serotonine

ADRATA P35348 Alpha-1A adrenergic receptor Siicon
Serotonine
N-Methylephedrine
Danshensu
2-Methyl Cardol

ADRB3 P13945 Beta-3 adrenergic receptor Serotonine

DRD1 P21728 D (1A) dopamine receptor Dauricine
N-Methylephedrine
P-Cymen-2-Ol
Serotonine
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Expression

Category

Downregulated ~KEGG_PATHWAY

Upregulated

KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY
KEGG_PATHWAY

KEGG_PATHWAY
KEGG_PATHWAY

KEGG_PATHWAY

KEGG_PATHWAY
KEGG_PATHWAY

KEGG_PATHWAY

Term

mmu04723Retrograde endocannabinoid
signaling
mMU04728Dopaminergic synapse

mMuOS033:Nicotine addiction
MMUOS014:Amyotrophic lateral sclerosis (ALS)
mmu04721:Synaptic vesicle cycle
MMUO4080:Neuroactive ligand-receptor
interaction

mmu04115:p53 signaling pathway
mmu04610:Complement and coagulation
cascades

mmu04914:Progesterone-mediated oocyte
maturation

mmu04114:0ocyte meiosis
mMUO4080:Neuroactive ligand-receptor
interaction

mmu04110Cell cycle

Count

6

[NIFNFNSN

s

p-Value

8.68E-04
0.002792254
0.002985375
0.005947408
0.010210301
0.016857166

0.00976751
0013749751

0.019706172

0.037781539
0.039520327

0.048667279

Genes

SLC17A7, GABRG1, GABRG2, SLC17A6, GNG3,
MAPK10

GNAL, SCN1A, GNG3, MAPK10, PPP2R2B,
PPP2R2C

SLC17A7, GABRG1, GABRG2, SLC17A6
PRPH, NEFH, NEFL, NEFM

SLC17A7, SLC17A6, CPLX1, ATPEV1G2
GABRG1, F2RL2, ADRB3, GABRG2, AGTR1B,
GRM7, NPY2R

CCNB1, CDK1, CCNB2, SERPINE1

C6, SERPINE1, F7, CFI

CCNB1, CDK1, CCNB2, BUB1

CCNB1, CDK1, CCNB2, BUB1
GABRR2, AGTR2, MC2R, OXTR, TSHR, CHRNA2

CCNB1, CDK1, CCNB2, BUB1
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Cluster

1

3

‘4
‘5

PP, protein-protein interaction.

Size

31

29

13

10
1

Density

0.7512

0.5556
0.5091

Internal
weight

465

305

78

25
28

External
weight

102

193

33

Quality

0.82

0612

0.703

0.758
0622

p-value

2.20E-06

3.36E-05

0.00023215
0.00061956

Members

SST CHRM2 AGT AGTR2 CXCR4 OPRM1 APLN ANXA1 SSTR2 SSTR5 OPRK1
OPRD1 DRD3 HTR1D HTR1B DRD2 PTGER3 HTR1AMTNR1AMTNR1B HRH4
DRD4 ADRA2C CHRM4 CNR2 CNR1 CX3CR1 ADRA2B ADORA3 ADRA2A
ADORAT

PIK3CA PIK3R1 F2 PIK3R3 TAC1 TF PIK3CD DAB2 TACR1 CFTR AVP ADRB2
AGT AGTR1 CHRM1 PTGERT HTR2C HTR2A HRH1 CHRMS ANXAT TACR2
PTGFR GNRH1 CHRM3 MLNR ADRA1D ADRA1B ADRA1A

HTR7 PTH DRD1 HTR4 DRDS PTGER4 PTGIR HTR6 PTGER2 ADRB3 CALCA
ADRB1 ADRB2

HPD TAT TH DHFR PAH TPH1 TYR GOT1 TPO DDC

DDC MAOB MAOA DBH COMT ADH1B ADH1C AOX1 ALDH2 ADH1A ABAT
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Herbal name

Huang Qi
Dan Shen
Bai Zhi

Da Huang

Zi Cao

Xue Jie

Lu Gan Shi
Zhen Zhu Fen

Latin name or English
name

Astragalus mongholicus Bunge, root

Salvia miltorrhiza Bunge., root and rhizome

Angelica dahurica (Fisch. ex Hoffm,) Benth. et Hook. . ex Franch. et Sav
Rheum paimatum L

Lithospermum erythrorhizon Sieb. et Zucc

Daemonorops draco BI

@n2+.2 [FeB+).4 [02-)

Pearl powder

Number of components

65
164
193
60
37

™o
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TCM prescription

Sang Ju Yin and YuPing FengSan

Xiang Sha Liu Junzi Tang and Li Zhong
pil

Angong Niuhuang pill, Zhi Bao Dan,
and Su He Xiang pill

Huashi Xuanfei mixture, Jiedu Xiefei
mixture and Jianpi Bufei mixture

The Lung-toxin Dispeling Formula
No. 1
Lianhua Qingwen capsule

Shufeng Jiedu capsule

Composition

Sang Ju Yin [made with chrysanthemum, mulberry leaf, and 6
other herbs], Yu Ping Feng San [made with Astragali radix,
Astragalus membranaceus, Atractylodes macrocephala, and
Saposhnikoviae Radix]

Xiang Sha Liu Junzi Tang [made with Gitri Reticulatae
Pericarpium, Codonopsis Radix, Astragali Radix praeparata cum
melle, Poria Sclerotium, Agastachis Herba, Amomi Fructus), Li
Zhong pill [made with Pinelliae Rhizoma Praeparatum, Citri
Reticulatae Pericarpium, Codonopsis Radix, Astragali Radix
praeparata cum melle, Atractylodis Macrocephalae Rhizoma,
Poria Sclerotium, Agastachis Herba, Amomi Fructus,
Glycyrrhizae Radix, and Rhizoma]

Angong Nivhuang pill [made with Calculus Bovis, Radix
Curcumae, rhinoceros hom, Moschus, Rhizoma Coptidis, Radix
Scutelariae, Fructus Gardeniae, Cinnabaris, Margarita,
Broneolum Syntheticum, and realgar], Zhi Bao Dan [made with
Raw black rhinoceros (buffalo hor), raw tortoiseshel, amber,
cinnabar, realgar, Niuhuang, bomeol, musk, benzoin, gold foil,
siver foil, Su He Xiang [made with Styrax, benzoin, borneol,
bufalo horn concentrated powder, musk, sandaiwood]

Huashi Xuanfei mixture [made with Schizonepeta, peucedana,
Platycodon grandifiorum, Stemona, asters, tangerine peel,
Houttuynia, mint, poppy shell, liquorice], Jiedu Xiefei mixture
[made with notopterygium root, racix scrophularia, Scutelaria,
bone skin, mulberry skin, rhubarb, Mangxiao, liquorice], Jianpi
Bufei mixture [made with Ginseng, astragalus, beiwuwei, aster,
mulberry white skin, prepared rehmannia

Jingje, jinyinhua, llangiao, xuanshen, zaojiaodi, kuxingren,
fengfang, gancao, and renshen

Zhimahuang, xingren, lianciao, bohe, barlangen, yuxingcao,
guanzhong, jinyinhua, shigao, dahuang, guanghuoxiang,
hongiingtian, gancao

Huzhang, liandiao, banlangen, chaihu, maoweicao, mabiancao,
lugen, and gancao

Model of action

Improved the symptoms and quaity of life

In the recovery stage

In the serious stage

Have significantly improved respiratory symptoms such as
fever, cough, fatigue, and digestive tract symptoms

Has therapeutic value and no observed side effects in with
severe/critical GOVID-19 patients

Plays a ole in immune reguiation, symptom improvement, and
anti-inflammatory effects in the treatment of COVID-19

The therapeutic mechanisms involve a variety of biological
processes, such as viral interactions
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Name

Methotrexate

Sulfasalazine

Hydroxychloroquine

Prednisone

Tofacitinb

Baricitinib

Upadacitinib

Anakinra

Etanercept

Abatacept

inflximab

Adalimumab

Golimumab
Certoizumab

Tociizumab

Sariumab

Rituximab

Drug Type  Drug Class

Small Antimetabolite
molecule

Compound ~ Anti-

molecule infammatory
Smal Antimalarial
molecule
Small Corticosteroid
molecule
Small JAK inhibitor
molecule
Small JAK inhibitor
molecule
Small JAK inhibitor
molecule
Biologic Interleukin
antagonist
Biologic TNF inhibitor
Biologic TNF inhibitor
Biologic TNF inhibitor
Biologic "TNF inhibitor
Biologic TNF inhibitor
Biologic: TNF inhibitor
Biologic 1L-6 receptor
inhibitor
Biologic 1L-6 receptor
inhibitor
Biologic: Anti-CD20

Year Molecular
Approved  Weight
for RA

1988 454459/
mol
1950 398.39 9/
mol
1956 433959/
mol
2012 358.439/
mol
2012 312379/
mol
2018 371429/
mol
2019 398389/
mol
2001 17.3 kDa
1998 150 kDa
2005 92 kDa
1999 149.1 kDa
2002 148 kDa
2009 150 kDa
2009 91kDa
2010 148 kDa
2017 150 kDa
2006 145 kDa

Chemical Structure

%3
AN
)

Humanized monoclonal antibody fragment fusion protein

Fully humanized monoclonal antibody

Chimeric (murine/human) monoclonal antibody

Fully humanized monoclonal antibody

Fuly humanized monoclonal antibody
Humanized monocional antibody fragment conjugated to a PEG
moiety

Humanized monoclonal antibody

Fully humanized monoclonal antibody

Chimeric (murine/human) monoclonal antibody

References

Smolen et al. (2020); Malaviya
(2016); Gubner et al. (1951);
Wright et al. (1951);
Rejagopalan et al. (2002); Hertz
et al. (1956); Pannu (2019);
Weinblatt et al. (1985); Tian and
Cronstein (2007); Vega (2015);
Brown et al. (2016); Wessels
et al. (2008); Cronstein (2005);
Yamamoto et dl. (2016);
Cronstein and Aune (2020);
Nesher and Moore (1990);
Nesher et al. (1996); Lawson
et al. (2007); Chan and
Cronstein (2010); Cronstein
etal (1991); Baggott et al.
(1986); Cronstein et al. (1993);
Morabito et al. (1998);
Prabhakar et al.and (1995);
Cronstein et al. (1986); Attar
(2010); Hamid et al. (2018);
Shiroky et al. (1993); Lindsay
et al. (2009); Provenzano
(2003); Albrecht and
Miler-Ladner (2010); Bathon
et al. (2000)
Goekoop-Ruiterman et al.
(2007); van Vollenhoven et l.
(2009); Emery et al. (2012);
Weinblatt et al. (1994); Singh
et al. (2015); Breedveld et al
(2006); Heo et al. (2017); Matera
etal (2018)

Morabito et al. (1998); Choi and
Fenando (2020); O'Dell (1998);
Wahl et al. (1998); Cronstein
etal. (1999); Park et al. (2019);
Rodenburg et al. (2000); Lee
et al. (2004); Hirohata et al.
(2002); Vol et al. (2002);
Suarez-Almazor et al. (2000b);
O'Dell et al. (2002); Moreland
etal. (2012); Curts et al. (2020);
Erharcit et al. (2019)

(Singh et al. (2015); O'Dell et al
(1996); Moreland et al. (2012);
Administration USFD (2020);
Schrezenmeier and Dorner
(2020); Mok et al. (2005);
Rempenault et al. (2018);
Ruiz-Irastorza et al. (2009);
Sharma et al. (2016); Tsakonas
etal. (2000); Grigor etal. (2004);
Circu et al. (2017); Mauthe et al.
(2018); Wu et 4. (2017);
Rebecca et al. (2019); Ewald
etal. (2008); Kuznik et al. (2011);
Hiorton et al. (2018); Wallace
et al. (1994); Wallace et al.
(1993); Suarez-Aimazor et al,
(2000a); Koffeman et al. (2009);
Ravindran and Alias (2017);
Carmichael et al. (2002); Tett
et al. (1989); Tmavsky et al
(1993); Ma and Xu (2013)

van Everdingen et al. (2002);
Wassenberg et al. (2005);
Jacabs et al. (2006); Malysheva
et al. (2008); Hafstrom et al.
(2009); Pincus et al. (2009);
Bakker et al. (2012); Krasselt
and Baerwald (2014)

Ghoreschi et al. (2011); Kok
(2014); Hodge et al. (2016);
Schwartz etal. (2016); Keystone
et al. (2017); Grigoropoulos
etal. (2019); tamiyaet al. (2020)

(Ghoreschi et al., 2011;
Keystone et al., 2017)

Genovese et al. (2018);
Parmentier et al. (2018); Brooks
(2019)

Arend et al. (1990); Bresnihan
etal. (1998); Cohenetal. (2002);
Buch et al. (2004); Genovese
etal. (2004); Mertens and Singh
(20092); Mertens and Singh
(2009b); England et al. (2018)

Bathon et al. (2000); Genovese
et al. (2004); Hetiand et al.
(2010); Emery et al. (2012);
Moreland et al. (2012)
Machado et al. (2013)

Kremer et al. (2006); Maxwell
and Singh (2009); Blair and
Deeks (2017)

Lisman et al. (2002); Perdriger
(2009); van Vollenhoven et al.
(2009); Vermeire et al. (2000);
Hetland et al. (2010); Monaco
et al. (2015); Braun and Kay
(2017); Scheringer et al. (2017)
Breedveld et al. (2006);
Machado et al. (2013);
Burmester et al. (2017);
Keystone et al. (2017)

Braun and Kay (2017)

Kaushi and Moots (2005); Goel
and Stephens (2010); Choy
etal (2012)

Jones et al. (2010); Fleischmann
etal. (2013); Kaneko (2013); Lee
etal. (2014); Gale et al. (2019)
Tanaka and Martin Mola (2014)
Burmester et al. (2017);
McCarty and Robinson (2018)
Reffetal. (1994); Anderson et .
(1997); Clynes et al. (2000);
Edwards and Cambridge
(2001); Shaw et al. (2003);
Edwards et al. (2004); Weiner
(2010): Keystone et al. (2012)
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Molecules

Foxp3

L2

TGF-p

GITR

APR

Commensal flora
Bacteria
Metaboites

Function in Tregs

Development, differentiation, phenotype, and functional maintenance
Prolferation and functional maintenance

Prolferation and functional maintenance

Generation, diferentiation, and functional maintenance

Generation, differentiation, and functional maintenance

Generation and functional maintenance
Prolferation, differentiation, phenotype, and functional maintenance

Refs

Chai et al., 2005; Hayatsu et al., 2017

Snow et al., 2003; Setoguchi et al., 2005

Ghiringhelii et al., 2005; Oettel et al., 2016

Carrier et al., 2012; Mahmud et al.,, 2014; Petrilo et al., 2015

Gandhi et al., 2010; Ye et al., 2017; Lv et al., 2018; Zamali et al., 2019

Round et al., 2011; Telesford et al., 2015
Arpaia et al., 2013; Smith et al., 2013; Quintana, 2013; Singh et al., 2014





OPS/images/fphar-12-693777/fphar-12-693777-t002.jpg
No. Rt (min) Identification Formula m/z Error (ppm)

1 0.66 L (+)-arginine GoHiaNiO, [M + H* 175.1195 3

2 068 Valne GsHiNO2 [M + H]* 140.0684 13
3 075 2,6-Dihydroxypurine GsHiNO2 [M + COOH]* 197.0313 37
4 097 Uracil CaHaN:02 [M + H]* 113.0348 19
5 113 Methyl paimitate Cy7Ha:02 [M + HJ* 271.2631 -01
6 236 3,8-Dihydroxyquinoline CoH/NO, [M + H)* 162.0550 0
7 393 2-Heptanone GHii0 M+ H* 15,1119 14

8 474 3-Indoleacetamide CioHioN0O M+ H* 175.0868 14
9 564 L-Aspartic acid GaHNO, [M + HJ* 134.0452 27
10 6.08 L-Threonine C4HoNO, [M + H)* 120.0657 17
1" 6.83 Salbutamol Ci3H21NOs [M + HJ* 240.1595 05
12 75 6-Methyl-5-hepten-2-one CaHis0 [M + HI* 127.1121 24
13 995 6-Hydroxypurine GsHaNO [M + H* 159.0275 -16
14 10.78 Lilsoleucine CgHiaNO, [M + H* 132.1021 14

15 11.07 Guanosine CioHiaNsOs [M + H)" 284.1004 4.9
16 1111 Phenylethylamine GeHiiN [M + COOHJ" 197.0313 31

17 11.37 2-Nonanone CoHis0 [M + H)" 1431428 -18
18 14.14 p-Famesene CisHza [M + COOHJ* 249.1857 32

19 14.66 Linolenic acid CigHa002 [M + COOHJ* 323.2224 22
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Gene Forward Reverse

Murine MMP9 CTGGACAGCCAGACACTAAAG CTCGCGGCAAGTCTTCAGAG
Murine cathepsin K ‘GAAGAAGACTCACCAGAAGCAG TCCAGGTTATGGGCAGAGATT
Murine p-actin AACAGTCCGCCTAGAAGCAC CGTTGACATCCGTAAAGACC
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TCMs

HuoxiangZnengai capsules (HXZQ) - B&
ESRE

LianhuaQingwen capsules (LHQW) - 7%
ERR R

JinhuaQinggan granula (JHQG) - &4
B

ShufengJiedu capsules (SFJD) - BiR %
(% 4

FangfengTongsheng pill (FFTS) - B KA
EA

QingfeiPaidu decoction (QFPD) - R
57

Suhexiang pill (SHX) - FE&&FH

AngongNiuhuang pill (AGNH) - RE 4
BA
Xuebijing injection (XBJ) - M4 ¥ 517

Stage of diseases

Medical observation
period

Medical observation
period

Medical observation
period

Medical observation
period

Medical observation
period

Clinical treatment
period

Clinical treatment
period

Clinical treatment
period

Clinical treatment
period

Symptoms

Fatigue with gastro-intestinal discomfort
Fatigue with fever

Fatigue with fever

Fatigue with fever

Fatigue with fever

Clinical treatment period mild, general, and
severe cases

Clinical treatment period mild, general, and
severe cases

Several cases and critical cases

Several cases and critical cases

References

Luo et al. (2020), Tong et al. (2020), Wang et al. (20201
Li et al. (2020), Luo et al. (2020)

Tong et al. (2020), Wang et al. (20201)

Wang et al. (2020)

Tong et al. (2020), Wang et al. (20201)

Wang et al. (2020)

Du et al. (2020), Ren et dl. (2020), Wang et al. (20209,
Zhang et al. (20200)

Luo et al. (2020), Wang et al. (2020f)

Luo et al. (2020), Wang et al. (2020

Luo et al. (2020), Tong et al. (2020), Wang et al. (2020f)
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Antiviral and
anti-
inflammatory
drugs

Lopinavir/
Ritonavir

Remdesivir

Interferon a

Ribavirin

Chioroguine

Baricitinio

Arbidol

Dexamethasone

Tocilizumab

Anakinra

Targeted
virions

SARS-
CoV-2

SARS-
CoV-2

SARS-
CoV-2

SARS-

CoV-2

SARS-
CoV-2

SARS-
CoV-2

SARS-
CoV-2

SARS-
CoV-2

SARS-
CoV-2

SARS-
CoV-2

Mechanism

Protease
inhibitor, inhibits
3Clpro

Protease
inhibitor, inhibits
SARS-CoV-
2RNA-
dependent RNA
polymerase

Protease
inhibitor, viral
load reduction
through inhibition
of replication
Viral load
reduction
through inhibition
of replication

Viral load
reduction
through inhibition
of replication

Protease
inhibitor, inhibits
Janus kinase 1/2

Protease
inhibitor, inhibits
glycoprotein

Combat cytokine
storm by fimiting
the production of
and damaging
effect of the
cytokines

Inhibit the activity
of IL-6 receptor,
block the
“oytokine storm”
caused by IL-6
pathway

Protease
inhibitor, inhibits
IL-1 receptor,
block the

Total Pharmacokinetic
direction role (inhibitor
of effect or substrate)

Noeffect  An inhibitor for
CYP3Ad

Positive An inhibitor for viral
RNA polymerase

Positve  An inhibitor for
CYPaAd

Negative A substrate for viral
RNA capping enzyme

Negative ~ An inhibitor for
phosphatidyinositol-3-
kinase (PI3K)/Akt
pathway

Positve  An inhibitor of Janus
Kinases (JAK)

Positive An inhibitor of SARS-
Cov-2

Positve A substrate for
CYP3AL

Positve  An inhibitor for
Interleukin-6 (IL-6)
receptor

Positive An inhibitor of SARS-

CoV-2

Adverse effects

Hypertension, prolonged
P-R and prolonged QT
interval, torsade de
pointes, severe
conduction disorders,
and cardiac arthythmias

Hypotension,
bradycardia, QTc
prolongation, T-wave
abnormality

Ischemic
cardiomyopathy,
arhythmias, and
hypertension or
hypotension
Bradycardia, cardiac
dysfunction, anemia,
hypomagneseria,
dyspnea and chest pain;
mitochondial toxicity
and energy metabolism
disorder of
cardiomyocytes
Hypotension,
hypokaleria, QRS and
QT prolongation,
atrioventricular block,
arhythmias and even
coma

Hyperglycaermia,
infections and
thromboembolic events

Nausea, diarrhea,
dizziness, liver injury,
vomiting, and
bradycardia

Arthythmias, headache,
agitation, dizziness, and
increased appetite

cardiomyopathy, liver
injury, and infection such
as an increase in serum
cholesterol, ALT, AST,

and injection site reaction

Hypersensitvities,
hyperinfammation,
breathing problem,
nausea, vomiting

Administration
method and
dosage

Oral. Twice a day and
two capsules each time
with 200 mg/50 mg/
capsule for adults. It is
worth note that the
course of treatment is
not more than 10 days
Intravenous infusion.
200 mgon the firstday,
and followed by

100 mg onday 2-100r
until discharge

Aerosol inhalation. 5
million units or
equivalent mixed with
2 ml of sterile water
twice per day for aduits
Intravenous infusion.
500 mg/time, twice or
triple per day with a
ccombination of
interferon or lopinavir/
ritonavir, and the
course of therapy is not
more than 10 days
Oral. (1). 500 mg/time,
twice per day, 7-days
course for weight of
patients over 50kg; (2).
500 mg/time, twice per
day in the first 2 days,
and 500 mg/time, once
per day in the next

5 days for weight of
patients less than 50
kg. It is forbidden in
patients with heart
disease

Oral or a nasogastric
tube. 4 mg (two 2-mg
tablets) once daily for
up to 14 days or until
hospital discharge. It is
recommended in
combination with
remdesivir in patients
with COVID-19 who
require oxygen or
ventilatory support
Oral. 200 mg/time and
triple per day, and the
course of therapy is not
more than 10 days

Oral or intravenous
infusion. 6 mg once
daily for up to 10 days
or until hospital
discharge

Intravenous infusion.
400 mg dissolving

100 ml 0.9% sodium
chloride; infusion time
should be more than

1 h; the cumulative
number of times of
administration s 2 at
most; caution with
allergic reaction;
forbicden for those
with tuberculosis
infection
Suboutaneous
injection. 100 mg twice
aday for 72 h, then
100 mg daily for 7 days
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Group Activities

ALT(UL)
Normal 22.80 + 9.91
HLD 69.50 + 62.47°
Amiloride 28.14 x 13.43°
PCA 27.00 + 14.32°

AST(U/L)

55.62 + 19.59
105.50 + 51.26%
54.71 £ 15.79°
49.86 + 14.30°

Concentrations
of copper(ug/di)

46.76 + 4.63
106.10 + 15.69%
63.17 + 5.33°
63.17 +5.33°

"Represents a statistically significant diference from the control group (p < 0.01,

respectively).

“Represents a statistically significant difference between the drug administration group
and the modaling group, respeciively, (o < 0.07).
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Gene

-actin
ASIC1a
a-SMA
Collagen®
GRP78
XBP1
ccs
ATP7B

Forward primer

5'-GAGCGCAAGTACTCTGTGTG-3'
5-CGGCTGAAGACCATGAAAGG-3'
~GAGGGATCCTGACCCTGAAG-3'
-ACCTCAGGGTATTGCTGGAC-3'
5'-CTGTCAGCAGGACATCAAGTTC-3"
5'-TCCGCAGCACTCAGACTACG-3'
5-ACAGCTGACCCCTGAGCG-3
5-GCCAGCATTGCAGAAGGAAAG-3'

Reverse primer

5-CCTGCTTGCTGATCCACATC-3'
5-AAGGATGTCTCGTCGGTCTC-3
-CCACGCGAAGCTCGTTATAG-3'
~GACCAGGGAAGCCTCTTTCT-3'
5'-TGTTTGCCCACCTCCATTATCA-3’
5'-GGCAACAGCGTCAGAATCCA-3'
5-ACAGAGCCAAGGTGAGGTC-3
5-TGATAAGTGATGACGGCCTCT-3'
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No. Tr Molecular Relative ™ + H]" M + H" Error Identification

(min)  formulae  molecular mass  (Measured) (Theoretical) ®

1 198 CoHoeOr 390.1679 380.1598 389.1600 ~05  5-hydroxy-1-(4-hydroxy-3-methoxypheny))-7-3.4-
dihydroxy-5-methoxy-pheny) heptan-3-one

2 258  CuHuOr 406.1992 405.1887 405.1918 6.4 (3R5S)-35-dihydroxy-1-(d-hydroxy-35-
dimethoxypheny))-7-{4-hydroxy-3-methoxypheny) hepta-ne

3 290 CuHaOo 376.1886 375.1821 375.1808 35  3,5-dihydroxy-1,7-bis(d-hydroxy-3-methoxypheny)
heptane

4 829 CuHaeOr 404.1835 403.1750 403.1757 —1.7  3-acetoxy-5-hydroxy-1-(4-hydroxy-3-methoxyphenyl)-7-
(3.4-dihydroxypheny)) heptane

5 852 CuHacOo 374.1729 373.1654 373.1651 08 5-hydroxy-1,7-bis(4-hydroxy-3-methoxyphenylheptan-
3-one

6 419  CuHaOs 434.1941 433.1848 433.1862 32 3-acetoxy-5-hydroxy-1-(3,4-dihydroxy-5-methoxyphenyl)-
7-(4-hydroxy-3-methoxyphenyl) hepta-ne

7 479 CuHeOro 492.1995 491.1925 491.1917 16 3.5-diacetoxy-1,7-bis(3,4-dihydroxyphenyl-5-
methoxyphenylheptane

8 495 CuHaOs 432.1784 431.1708 431.1706 05 3,5-diacetoxy-1,7-bis(3 4-dihydroxypheny)heptane

9 511 CoHeOo 462.1890 461.1832 461.1812 43 35-diacetoxy-1-3.4-dihydroxyphenyl)-7-(3,4-dihydroxy-5-
methoxypheny)) heptane

10 563 CigHaiOs 280.1675 270.1596 279.1596 00 1-(34-dihydroxypheny)-5-hydroxy-decan-3-one

11 582  CuHaOs 432.1784 431.1708 431.1706 05 3-acetoxy-1,5-epoxy-3-hydroxy-1-(3,4-dihydroxy-5-
methoxyphenyl)-7-{4-hydroxy-3-methoxyphenyheptane

12 6.28 CaaHas07 416.1835 4151732 4151757 -6.0 3,5-diacetoxy-1-(3,4-dihydroxyphenyl)-7-(4-hydroxyphenyl)
heptane

13 6.43 CasHaz09 476.2046 475.1964 475.1968 -08 3,6-diacetoxy-1-(4-hydroxy -3-methoxyphenyl)-7-(3,4-
dihydroxy-5-methoxypheny) heptane

14 654  CpHaOs 356.1624 356.1560 355.1545 42 1,7-bis-(4-hydroxy-3-methoxyphenyl)-4-hepten-3-one

15 6.66 Ca4HacOs 446.1941 445.1861 445.1862 -0.2 3,5-diacetoxy-1-(3,4-dihydroxyphenyl)-7-(4-hydroxy-3-
methoxypheny)) heptane

16 7.32 Ci7H2404 292.1675 291.1573 291.1596 =79 [5]-gingerdione

17 769  CagHeiOo 490.2208 480.2108 480.2125 35 3/5-diacetoxy-1-(4-hydroxy-3,5-dimethoxyphenyl)-7-(4-

hydroxy-3-methoxyphenyl) heptane

18 796  CaoHeOp 460.2073 450.2016 459.2019 ~0.7  1,5-epoxy-3-hydroxy-1-(3,4-dihydroxy-5-methoxypheny)-
7-(4-hydroxy-3- methoxyphenyl)heptane

19 807 CigHacOs 302.2144 321.2070 321.2066 12 8-gingerol
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No. Ta Molecular Relative M+ HI' M+ H Error Identification

(min)  formulae  molecular mass  (Measured) (Theoretical) ®

1 07 CasHaoNOy 485.2625 486.2703 486.2703 14 Mesaconine

2 071  CuHuNO, 499.2781 500.2860 500.2859 -12  Aconine

3 073  CaHaNO, 453.2727 454.2805 454.2804 -22  Fuziine

4 078  CoHaoNOs 437.2777 438.2856 438.2855 6.4 Neoline

5 082 CosHuNOg 483.2004 484.2910 484.2010 25 Pseudoaconine/swatinine

6 087  CoHaoNOs 421.2828 422.2906 422.2006 09  Taatizamine

7 098 CaHauNO, 343.2584 344.2571 344.2500 -55  Guanfu base H

8 099 CuHuNO, 479.2883 480.2961 480.2061 62 14-O-acetyneoline

9 105  CosHuNOs 451.2034 452.3012 452.3012 1.3 Chasmanine

10 147 CogHuNOs 463.2034 464.3012 464.3012 -45  14-acetyltalatisamine

11 120 CajHgNOy 605.2011 606.2914 606.2014 -05  10-OH-benzoymesaconine

12 1.62 CaoHasNOyy 619.2993 620.3071 620.3071 -1.0 (=) =(A-b) —14a-benzoyloxy-3a, 10B,13p,15a-tetrahydroxy-
1a,6a,8,16p, 18-pentamethoxy-N-methylaconitane

13 194  CyHiNOy 589.2887 590.2965 590.2965 -03  Benzoyimesaconine

14 221 GCoHuNO, 539.2883 540.2061 540.2061 44 Aconicarchamine B

15 238 CyHisNOy 603.3043 604.3122 604.3121 08  Benzoylaconine

16 257  CagHsNOy 631.2033 632.3017 632.3070 30 Mesaconitne

17 275 CayHasNOg 573.2938 574.3014 5743016 -38 Benzoylhypaconine

18 296  CagHuNO, 515.2056 516.2965 516.2061 08  Unknown

19 805 CaHyNOy, 645.3149 646.3227 646.3227 15 Aconitine

20 825 CyHisNO; 557.3065 558.3067 558.3067 54 13-deoxybenzoyhypaconine

21 339 CaHisNOs 587.3004 583.3173 588.3172 36  14-benzoyideoxyaconine

22 401 CaiHasNO; 541.3040 5423118 5423118 0.6 () ~(A-b) ~14a-benzoyloxy-N-ethyl-8p,15a-dihydroxy-
1a,16p, 18-trimethoxyaconitane

23 415  CyHuNO; 555.2910 556.2910 556.2910 -07  Dehydrated benzoyhypaconine

24 426  CaHuNOy 661.3008 662.3177 6623176 06 Aconiine

25 46 CasHasNOg 583.3145 584.3223 584.3223 -19 (=) =(A-b) —14a-cinnamoyloxy-N-ethyl-1a,8p, 15a-trihydroxy-
6a,16p,18-trimethoxyaconitanebeiwutinine

26 492 CaoHasNOg 571.3242 572.3223 572.3223 =37 14-O-anisoylneoline

27 512 CaaHisNOyo 615.3043 6163122 6163121 06 Hypaconitine

28 5.79 CagHaiNOyy 699.2752 700.2756 700.2758 -0.3 Trifoliolasine E

29 589  CaHaNOo 613.3251 614.3320 614.3329 05 () ~(Ab) -8p-acetoxy-14a-benzoyloxy-N-ethyl-15a-hydroxy-

1a,6a,16B, 18-tetramethoxyaconitane
30 611 CaqHazNOso 629.3200 630.3278 630.3278 3.0 Deoxyaconitine
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Gene

CH25H
CYP7B1
ROR«
MMP3
MMP13
SOX9
COL2at
Aggrecan
Adamtsd
Adamts5
GAPDH
miR-10a-3p
miR-10a-3p RT
us

U6 RT

Forward primer (5'-3')

ACGGAGCAAAGTTGCAGTTAA
GAAGTCCTGCGTGACGAAAT
CTACCAGAACAAGCAGAGA
GAGGACAAATTCTGGAGATTTGATG
CAGACAGCAAGAATAAAGAC
ACTTGCACAACGCCGAG
TCCTAAGGGTGCCAATGGTGA
TCCGCTGGTCTGATGGACAC
GGTGGCAGATGACAAGATG
GCATCATCGGCTCAAAGCTACA
TGACCTCAACTACATGGTCTACA
CGCGCAAATTCGTATCTAGG

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTATTCC

CTCGCTTCGGCAGCACA

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAAAATA

Reverse primer (5'-3)

GGAGGACCACTCAGGTTACGA
CCTCAGAACCTCAAGAATAGCG
CGAACTCCACCACATACT
GTGAAGATCCGCTGAAGAAGTAAAG
CAACATAAGCACAGTGTAAC
CTGGTACTTGTAATCCGGGTG
GGACCAACTTTGCCTTGAGGAC
(CCAGATCATCACTACGCAGTCCTC
AGTCGTTCGGAGGGTTTAG
TCAGGGATCCTCACAACGTCAG
CTTCCCATTCTCGGCCTTG
AGTGCAGGGTCCGAGGTATT

AACGCTTCACGAATTTGCGT
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Up-regulated

Down-regulated

IncRNAs

NONRATT033431.1
NONRATT011934.2
NONRATT017032.2
NONRATT023671.2
NONRATT019381.2
NONRATT033423.1
NONRATT016587.2
NONRATT015297.2
NONRATT033430.1
NONRATT025409.2

p value

0.000
0.000
0.000
0.001
0.001
0.000
0.039
0.004
0.000
0.000

Fold change

141.460
134.949
121.187
116.557
92.126
78.938
77.800
74.805
68.169
66.438

IncRNAs

NONRATT002354.2
NONRATT013281.2
NONRATT006789.2
NONRATT016013.2
NONRATT030453.2
NONRATT024649.2
NONRATTO011637.2
NONRATT012347.2
NONRATT022660.2
NONRATT004729.2

p value

0.002
0.001
0.003
0.002
0.000
0.015
0.020
0.003
0.000
0.013

Fold change

0.001
0.004
0.005
0.006
0.011
0.017
0.017
0.017
0.018
0.021
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Disorder

BB-diabetes
prone.

PD

AD

Stroke

IBD

Alterations of intestinal
mucosal barrier

Intestinal mucosal barrier permeabilty T
Nitrogen neurons |

Dopamine neurons |

Nitrogen and cholinergic neuron |
Bacteria translocation and infection
VIP neuron regulating AMP;

Claudin-2 1

Intestinal neuron loss
Inflammatory cytokines and histamines
pass through freely

Antiapoptoltic actiity of colonic cells |
GDNF induce intestinal TJ T

Intestinal
immune/inflammatory responses

Myeloperoxidase abundantly expressed in neutrophils

Activate CD4+ immune response
D68+ macrophage T

IL-17 + y&T 1

ILC3 produce IL-22

Activate MC; secretion of negative ions of cytokines was impaired;
inhibit the growth of IL-1B and IL-10;

Secrete IL-17 promote intestinal homeostasis

Activate MC

RET induce ILC3 to secrete IL-22

References
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Stanley et al. (2016)
Chandrasekharan et al. (2013),
Ballout and Diener (2019), Talbot
etal. (2020),

Bessac et al. (2018), Kermarrec
etal. (2018)

Ibiza et al. (2016)
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Disorder

IBD

IBS

Alterations of intestinal
mucosal barrier

lleun M cell T

Inhibit bacteria translocation
Secretion AMP T

Activate HPA axis release GC
Injury to gastric mucosal tissue

Intestinal
immune/inflammatory responses

Inhibit CD11c+ DCs prolferation;
1L-22 level T
T Cell recrutment 1

Degranulation of mast cel
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Disorder

IBD

CD4 ™"~ mice

Bacterial abdomina ISepticemia

Alterations of intestinal mucosal barrier

Goblet cel loss

Crypt density |

Intestinal mucosal barrier permeabilty
Worsen TEER

VN irritate AMP |

Intestinal bacteria translocation T

Intestinal immune/ Inflammatory responses

Activated ChAT+ T cell

Produce pro-nflammatory medators
Degranuiation of MC

Activate OX3CR1" macrophage

MC producing proteases Leukocyte T
Activate Th1 immune response

M1 macrophage T

VN reguiate macrophage
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Disorder Alterations of intestinal Intestinal References

mucosal barrier immune/inflammatory responses
BD Depletion rate of goblet cells T Inflammation grade of the colont: Inflammatory cytokines T Wilemze et al. (2018), Willemze et al. (2019a),
AMP Reg3 y expression| Willemze et al. (2019b), Agac et al. (2018)
Melanin Intestinal mucosal immune activation  Intestinal mucosa HDC+ MG Yamate et al. (2011)
precipitation
Stroke Intestinal mucosal barrier Inducing MM to differentiate into inflammatory Liu et al. (2019)
permeabity T phenotypes
Intestinal bacteria transiocation T Activate CHAT+ T cell

TREM1 receptor | Inducing CAIP pathway
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Disease

Coronary heart
disease (CHD)

Arterial stiffiness
Calcific aortic valve
stenosis

Congestive heart failure

Chronic heart failure

Ischemic stroke (IS)

Intracerebral
hemorthagic
stroke (CH)
Subcinical
atherosclerosis

Primary
hypertension (PH)

Mejor adverse
cardiovascuiar events
(MACE)

Cardiovascular
diseases

Ethnic
group
of study

Taiwan
Chinese

Bejing

Chinese

Turk

Dutch

European

Finnish

Spanish

Spanish

Caucasian

Taiwan,
Chinese

Young
Finnish

Bejing
Chinese

Polish

Finnish

Taiwan
Chinese

Numbers of
study
population

CHD": N
CHD:

=127,
=53

Healthy: N = 568

Mid: N =54 Mod:
N = 58 Severe:
6

CHF: N =271
Control: N = 77

Decd: N = 196
Alive: N = 177

IS: N = 6 Control:
N=

IS:N =48
Control: N = 92

ICH:N = 66

DM: N =29
Control: N = 25

N=115

N=2,182

PH: N =121
Control: N = 28

MACE: N = 265
Non-MACE:
N =2,262

Alive: N = 501
Decd: N = 160

Mean age,
sex

CHD': Mean age = 61.5, female/
male (18/109); CHD : Mean age
= 57.9, female/male (22/31)
Mean age = 50.7, female/male
(210/358)

NA

CHF: Mean age = 68, female/
male (62/209); Control: Mean
age = 62, female/male (28/49)
Decd: Mean age = 69, female/
male (116/79); Alive: Mean age =
66, female/male (102/75)
Stroke: Mean age = 60; Control:
Mean age = 59; female/male (NA)

HT: Mean age = 71.9, female/
male (26/22); Control: Mean age
= 70.2, female/male (38/54)
ICH: Mean age = 68.8; female/
male (42/24)

DM: Mean age = 56.6, female/
male (15/14); Control: Mean age
= 527, female/male (14/11)

Female mean age = 55.4, male
mean age = 57.3; female/male
(64/51)

Age range:30-45, female/male
(1,199/983)

Mean age = 49.1, female/male
(303/531)

PH: Mean age = 56, female/male
(66/55); Control: Mean age =
51.5, female/male (17/11)
MACE: Mean age = 62, female/
male (89/176); Non-MACE:
Mean age = 59, female/male
(1,237/1,025)

Alive: Mean age = 60.2, female/
male (255/246); Decd: Mean age
= 67.4, female/male (79/81)

NA: data not found: Mod: moderate: Decd: Deceased, DM: diabetes melitus.

Main findings

Patients with CHD showed higher plasma
VAP-1 levels than healthy controls

Plasma SVAP-1, inoreased with age, was
associated with arterial sifiness in subjects of
age260

Plasma VAP-1 levels consistently increased
with severity of calcified aortic valve stenosis

Plasma SSAO actity increased with severity
of congestive heart failure

Elevated plasma SSAO activity was
associated with increased mortality in
patients with chronic heart failure

Acute stroke patients had higher levels of
SVAP-1 when compared with age- and sex-
matched controls

The incidence of hemorrhage formation after
1PA treatment was prediicted by higher basal
plasma levels of VAP-1/SSAO activity
Plasma VAP-1/SSAQ activity increased in
ICH and predicted neurological outcome

Plasma VAP-1/SSAO activity showed
positive correlations with carotid plaque
crouse score, total cholesterol level, and age-
corrected intima-media thickness in controls
Serum SSAO/VAP-1 elevation after glucose
loading corretated independently to

carotid IMT.

The correlations of SVAP-1 activity with
cardiovascular risk factors differed between
men and women

SVAP-1 concentration correlated with
cardiovascular risk factors and subclinical
atherosclerosis in an age-, sex-, and glucose-
dependent manner

Plasma VAP-1 levels were elevated in PH
patients with echocardiographic alterations

SVAP-1 predicted incidence of MACE in
people aged >50 without prior MACE.

SVAP-1 predicted 10-years cardiovascular
mortality
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Up-regulated

mRNAs

RT1-82

lghg
RGD1563231
AABRO7065609.3
Zotbdd

ighm
LOC100360581
Hspbap1
Sultic2a
RGD1565617

p value

0.001
0.000
0.000
0.000
0.045
0.000
0.039
0.007
0.036
0.000

Fold change

116.382
93.277
81.799
75.646
65.602
60.140
77.800
57.390
54,683
48.433

Down-regulated

mRNAs

Tte23
Atpibi

Fosb
LOC100911581
Synjt

Emrd

Famgal

A3

Fos

Sugt

p value

0.004
0.000
0.013
0.005
0.004
0.009
0.000
0.008
0.010
0.033

Fold change

0.007
0.008
0.011
0.013
0.016
0.019
0.022
0.024
0.026
0.043





